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Abstract

Parkinson’s disease (PD) is currently characterized by cardinal motor symptoms of rigidity, tremor
and bradykinesia. However, this disease is far from a mere movement disorder, and non-motor
symptoms have a substantial adverse effect on the quality of life for PD patients. PD patients suffer
from a broad range of non-motor symptoms but two of them are the focus of this thesis,
neuropsychiatric and cognitive impairments. The true cause of these symptoms’ manifestation is
still unknown, but it is speculated that they might originate from the extensive neuronal damage
due to PD. The investigation of genetic variants associated with these non-motor symptoms can
provide valuable information on the possible causes of non-motor symptoms, their prevention, and

even their treatment.

In this thesis, the association of some specified genetic variants were investigated with
neuropsychiatric symptoms and cognitive impairments in idiopathic PD patients (iPD). In the °
part, mild behavioral impairment (MBI) in iPD patients was investigated using the mild behavioral
impairment checklist (MBI-C). In chapter 3, the association of MBI and rs6265 in the Brain-
Derived-Neurotrophic-Factor (BDNF) was studied and it was shown that the Met allele for this
variant was linked to higher risk of MBI. It was observed that the Met allele was associated with
specific neuropsychiatric symptoms related to emotional dysregulation and distorted thoughts. In
chapter 4, the relationship between rs4680 in Catechol-O-methyltransferase (COMT) and
rs28363170 in Solute carrier family 3 member 6 (SLC6A3) with MBI was explored in iPD patients.
These two variants are both pertinent in the regulation of dopamine availability in the frontal lobe.

No association was found for either of these variants with MBI in iPD patients.

18



In the second part, the association of a specific variant rs894280 in Synuclein-alpha (SNCA) and
mild cognitive impairment (MCI) in iPD patients was explored. In chapter 5, a machine learning
analysis was used to predict cognition in iPD patients. rs894280 was ranked as the second most
important feature for prediction of cognition in PD patients. The post-hoc analysis demonstrated a
connection between this variant and overall cognition, attention and visuo-spatial abilities in iPD
patients. This variant was further investigated in chapter 6 using longitudinal data from the
Parkinson’s Progression Marker Initiative (PPMI) dataset. It was shown that rs894280 was linked
to the cognitive status of drug-naive iPD patients at baseline. This variant was associated with the
rate of MCI conversion in iPD patients longitudinally, but no association was found between the

variant and neuropsychiatric symptoms.

In conclusion, this thesis presents genetic association with two prominent non-motor symptoms in
iPD patients. These findings can be used to assist identification of PD patients at risk of cognitive
decline or neuropsychiatric impairments. Nonetheless, further studies should be conducted to
elucidate and validate the results of this thesis further. Limitations of the present projects and a

framework for future studies are discussed in the last chapter.
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1 Chapter One: Introduction

1.1 Parkinson’s Disease

Parkinson’s disease (PD) is a chronic and progressive disease affecting primarily older adults. It
is a common neurodegenerative disease affecting about 6% of the Canadian adult population over
the age of 65 [1]. PD is classically diagnosed based on motor symptoms including tremor, rigidity,
bradykinesia, postural instability, and abnormal gait. The first clinical description of the symptoms

of PD was made by James Parkinson in 1817 [2, 3].

PD is accompanied by the loss of dopaminergic neurons in the substantia nigra, part of the basal
ganglia located in the midbrain. However, the loss of dopaminergic neurons initiates decades prior
to the manifestation of motor symptoms. By the time motor features of PD emerge, a large
proportion of dopaminergic neurons are lost leading to a deficiency of dopamine in the substantia
nigra. Post-mortem analysis of the substantia nigra of PD patients demonstrates pathological
accumulation of deposits known as Lewy Bodies (LB) [4]. The spread of PD pathology is proposed
to follow a specific spatial-temporal development (Fig.1.1). Based on the model by Braak et. al
[5], the pathology appears initially in the vagal nerve nucleus in the brainstem and spreads upward
through the brainstem into the medulla oblongata, and locus coeruleus. These two pathological

stages are considered asymptomatic.
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Figure 1-1. Figure 1. Schematic diagram of the Braak model of PD pathology progression.

Based on the Braak model, PD pathology initiates in the dorsal nucleus of the vagal nerve in the brainstem and follows a
spatiotemporal pattern for spreading through the brain. In the top figure, the horizontal axis shows the six stages of PD pathology
and the vertical axis demonstrates the dorso-lateral direction of pathology spread. (Figure obtained from Braak et al. paper[5],
permission for use obtained)
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The substantia nigra becomes affected in the third stage and the spread of LB significantly damages
the neuromelanin projections of the substantia nigra. The spread of LB proceeds to the forebrain
and temporal mesocortex, causing damage to the cholinergic neurons of the basal forebrain. During
the next two stages, the pathologic process continues to damage the affected regions like the
substantia nigra and temporal mesocortex more intensely and moving towards the outer layers of
the cerebral cortex. According to the Braak model the clinical motor symptoms of PD can emerge
during the last two stages. Also, abnormalities in limbic, autonomic and somatosensory functions

can manifest in accordance with the criteria for iPD diagnosis at later stages of the Braak model

[5].

1.2 Non-Motor Symptoms

Non-motor symptoms are fairly common in PD patients and might emerge decades prior to the
classic motor symptoms [6]. Table 1.1 demonstrates an overview of the most reported non-motor
symptoms in PD patients with their most frequent time course of manifestation. This thesis focuses
on the cognitive impairment and neuropsychiatric symptoms of PD patients, and these non-motor

symptoms will be discussed in greater detail in the following sections.
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Table 1-1. A brief overview of non-motor symptoms in PD.

This table summarizes the most common non-motor symptoms of PD in relation to Braak’s pathology model and the time course
of their emergence compared to PD. This table is prepared based on the following studies [7-9].

Non-motor symptoms Braak stage Time of emergence
Constipation I Prodromal
Hyposmia I Prodromal

Rapid eye movement sleep behavioral | Il Prodromal
disorder

Depression and other neuropsychiatric | I Prodromal
symptoms

Mild cognitive impairment v Clinical symptoms
Orthostatic hypotension \Y/ Clinical symptoms
Hallucination and psychosis VIVI Clinical Symptoms
Dementia Vi Clinical Symptoms

1.3 Non-Motor Symptoms: Cognitive Impairment

Cognitive impairment is one of the non-motor symptoms with a substantial negative impact on the
quality of life of PD patients. PD patients are more susceptible to sustain deficits in their cognition
compared to the general population. Moreover, PD patients are more likely to become demented
[6] as the disease progresses. PD patients display cognitive impairments with a wide range of
intensity. Mild cognitive impairment (MCI) is considered a defined initial stage of cognitive
decline. MCI is described as neuropsychological deficits that do not interfere with daily life
activities, but it can be perceived by the patients. This neuropsychological deficit can be
quantitively evaluated by means of neuropsychological assessments [10]. A recent meta-analysis
of 39 studies with 4011 PD patients reported that almost 28% of PD patients with normal cognition
at the time of diagnosis develop MCI after three years [11]. Cognitive impairment has an inevitable
negative impact on different aspects of PD patients’ life and their families including, emotional,
professional, and economic impacts. Also, cognitive decline is linked with higher likelihood of

living in care centers, dementia and mortality [12-14].
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The high prevalence of MCI in PD patients compelled the Movement Disorder Society (MDS) to

create a taskforce in order to facilitate identification of PD patients who have MCI [10, 15].

A recent meta-analytical study suggested several risk factors for cognitive impairment in PD
including hallucinations, older age, higher severity of motor symptoms, lower education level, and
male sex, to name a few [6, 16]. Hallucinations are usually common non-motor symptoms of PD
with minor hallucinations as the most prevalent form [8, 17]. Age appears to be one of the most
influential risk factors for cognitive impairment in PD patients [8, 16]. The severity of motor
symptoms is frequently reported as a risk factor for cognitive decline in PD [15, 18]. This might
be justified by more severe damage in dopaminergic neurons resulting in both worse motor

symptoms and vulnerability to cognitive decline [19].

Lower education level is another risk factor for cognitive impairment in PD [20, 21]. The effect of
years of education could be explained by a possibly better protection of cognitive reserve in
individuals with higher education [22]. Male sex is frequently reported as a strong risk factor for
PD development at a rate of 3:2 compared to females and male sex demonstrated greater risk of
cognitive impairment in PD [7, 21]. It should be noted that there are other risk factors reported by

other studies and the above-mentioned risk factors are merely the most reliably reported ones.

1.4 Non-Motor Symptoms: Neuropsychiatric Symptoms

Neuropsychiatric symptoms (NPS) e.g., depression, anxiety, and apathy are another class of
common non-motor symptoms in PD. Similar to cognitive impairments, NPS can precede PD
diagnosis [6, 23] and have an immense negative impact on the quality of life of both PD patients

and their families. The exact cause of these symptoms is not clear, and they sometimes are
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perceived as a side effect diagnosis of PD. However, their frequent emergence prior to the

diagnosis of PD rules out the mere diagnosis shock in PD patients.

The manifestation of NPS in PD patients prior to motor symptoms might be explained by the
proposed model of Braak et al. on LB spread and pathology progression in the brain of PD patients
[5]. The disruption of serotonergic and noradrenergic neurotransmitters might contribute to the
NPS observed in PD patients [24, 25]. Some NPS could be the side-effects of pharmaceutical

treatment of PD, for instance, impulse control disorder and drug-induced psychosis [26].

1.5 The Relationship of Genetics with Neuropsychiatric Symptoms and Cognitive

Impairments in PD

The involvement of genetics in PD has been verified through numerous studies, and several genes
have been identified in direct connection to hereditary forms of PD [27]. Several mutations in
genes like PARK2, PARK6 and PARKY7 can cause early onset recessive forms of PD [28].
Mutations in SNCA, LRRK2, and PARK3 genes can cause autosomal dominant forms of PD [29-
33]. Genome-wide-association-studies (GWAS) have facilitated identification of loci which
exhibit an increased risk of iPD. The identified regions for iPD include Synuclein-Alpha (SNCA)
and Leucine Rich Repeat Kinase 2 (LRRK2) which can be causal genes in some familial cases as
mentioned above [27]. Genetic polymorphisms in these two regions have strong effect size and
are risk factors for PD. Similarly, several other genes like APOE, MAPT, GBA1 can be of

substantial effect and are considered as risk factors for PD [27].

Mounting evidence supports a role for involvement of genetics in cognitive decline in iPD. Certain

genetic variants seem to be associated with the progression of cognitive decline into dementia in
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iPD patients. A hypothesis by Williams-Gray et al. suggests two distinct cognitive profiles for PD

patients with cognitive impairments and associated genetic variants for each profile.

In the dual syndrome hypothesis, two main types of cognitive profiles in PD patients were
described based on the cortical regions associated with the impairments (Fig 1.2). In the
dysexecutive syndrome, deterioration of frontal lobe function in PD patients leads to deprived
executive-function abilities e.g., problem solving, word finding. This type of cognitive impairment
IS more associated with genes involved in the modulation of dopamine availability in the frontal

lobe such as DAT1 and COMT [34, 35].

PD patients who suffer from the cognitive deficits which are derived from posterior cortical
regions are more susceptible to dementia compared to PD patients with the dysexecutive syndrome
[35]. According to Williams-Gray et al., poor performance in semantic fluency and copying of
intersecting pentagons could be predictive of dementia in PD patients. To perform well in the
above-mentioned tests, one requires well-functioning temporal and posterior cortical regions [35].
It is suggested that some genes e.g., MAPT, and APOE have an interaction with age-dependent
cognitive impairments associated with temporal and posterior-cortical regions of the brain.
Specific susceptibility variants in the genes which are associated with temporal and posterior-
cortical regions can account for the cognitive decline with higher chance of dementia in PD

patients.
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Figure 1-2. Schematic representation of the Dual syndrome hypothesis proposed by Williams-Grey et al.

In this model, Williams-Gray suggested that some genes are associated with cognitive impairments in PD patients. These genes
can be divided into two main groups. The first group is associated with dopamine dysregulation in prefrontal regions such as DAT1
and COMT. The risk variants in these genes did not exhibit connections to dementing processes. The second group of genes such
as MAPT, and APOE were linked to impairments in posterior-cortical regions. PD patients with the risk variants of these genes
had higher likelihood of dementia. It should be noted that Williams-Gray et al. found other variables such as age or dopaminergic
medications to have differential effects on risk of dementia in PD patients. Older age was reported to be linked to higher likelihood
of dementia. Dopaminergic medication was found linked to the frontal executive impairments but not to dementia in PD. (Figure
obtained from Williams-Gray et al. paper [35], permission for use obtained)
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1.6 Apolipoprotein E

The apolipoprotein E (APOE) gene is located on the long arm of chromosome 19 q 13.23, at
44,905,796 to 44,909,393 bp according to GRCh38.p13 [36]. This gene encodes the apolipoprotein
(ApoE) protein [37]. ApoE is part of a family of proteins called very low-density lipoproteins that
regulate the homeostasis of lipids through modulation of lipid transport between cells or tissues

and they are the main lipoproteins in the brain [37, 38].

Three major alleles are reported for APOE; €2, €3, and €4 [39]. These three alleles are derived by
substitution of cysteine and arginine residues in the ApoE protein structure. The €2 allele has
cysteine residues in 112 and 158 residues of the protein, while in the 3 allele a cysteine residue
is substituted with an arginine in the 158 position. The &4 allele differs from &3 by substitution of
a cysteine at position 112 with an arginine residue [40]. The &4 allele is well-recognized for its
role in conferring an increased risk for Alzheimer disease (AD) up to 4 folds for heterozygous and
up to 12 folds for homozygous individuals [41]. The €4 allele is also implicated in increased
likelihoods for both, PD and cognitive decline in PD [42-45]. An increased susceptibility to PD
with dementia has been reported in PD patients with €4 (OR 1.74 (with CI95% of 1.36-2.23),
p=1x 10%) [46]. A genetic association study including 1079 PD participants discovered that
APOE &4 had the most robust and extensive association with impairments of various cognitive
measures. That study investigated the connection of two other genes (MAPT and SNCA) and their
variants with cognitive performance. According to the study results APOE ¢4 was associated with
worse performance in the following cognitive measures; HVLT-R total recall, HVLT-R delayed
recall, HVLT-R recognition index, semantic verbal fluency, the letter-number sequencing and

Trail making test B excluding the Trail A [42].
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APOE is part of the dual syndrome hypothesis on progression of cognitive decline in PD. APOE &4
is suggested to be involved in the cognitive deficits that can be mapped to posterior-cortical regions
of the brain [47]. Furthermore, studies reported a link between APOE ¢4, and the overall likelihood
of cognitive decline in both newly-diagnosed and mid-stage PD patients when using dementia

rating scales [46, 48].

1.7 Brain-Derived-Neurotrophic-Factor

The Brain-Derived-Neurotrophic-Factor (BDNF) gene is located on the short arm (p) of
chromosome 11 p 14.1, and at 27,654,893 to 27,722,030 bp according to GRCh38.p13 [36]. This
gene encodes the BDNF protein, a prominent member of the neurotrophin family of proteins [49].
BDNF plays an essential role in the differentiation, protection and preservation of neurons through
interaction with the tyrosine kinase receptor B (TrkB) [4, 50, 51]. This protein must go through
post-translational modifications from a precursor form which has pre-pro domains to a fully
functional (mature) form. These transformations result in the removal of the pre and the pro

domains of the precursor form [52].

A well-characterized polymorphism in this gene is p.Val66Met (G758A, rs6265), in exon 11 of
the gene. This variant substitutes a Valine (Val) residue at position 66 with a Methionine (Met)
residue in the pro-domain of the BDNF protein. This substitution impacts the intracellular
trafficking and activity-dependent secretion adversely leading to reduced availability of BDNF to
CNS neurons [53-55]. This SNP has been shown to have a connection to both cognitive and

psychiatric impairments in the geriatric population [56, 57].
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A recent meta-analysis revealed an association between p.Val66Met and cognitive impairments in
PD patients. The Meta-analysis consisted of six studies including 532 patients and 802 controls.
Most of the participants were of European descent. It reported a significant relationship between
the Met allele in PD patients and risk of cognitive impairments (p=0.029, OR (95%) = 1.06-2.75).
However, this association was specific for the European descent population, p=0.003, OR (95%)
= 1.47-6.34 [56]. At the protein level, the concentration of BDNF protein in serum demonstrated
a positive correlation with executive-function and attention abilities in PD patients [58]. It should
be mentioned that a link between the Met allele and better executive-function abilities specifically

set-shifting was reported in PD patients [59].

There is a lack of consistent evidence about the role of this variant and NPS in PD patients.
Nevertheless, there is evidence of involvement of this polymorphism and late-life depression in
the general population. A meta-analysis on geriatric depression revealed an enhanced likelihood
of depression in Met carriers (p=0.004, OR=1.48, 95% CI= 1.13-1.93) [60]. The role of BDNF in
the relationship between anxiety and PD patients is not clear. However, a meta-analysis showed
that BDNF protein levels are reduced in anxiety disorders e.g., post-traumatic stress disorder in

the general population (PTSD) [61].

It should be mentioned that Cagni et al. reported a reverse relationship for BDNF and NPS in PD
patients. They observed an association between the Val allele and an increase of
depression/anxiety symptoms in PD patients [62]. This variant is reported in association with other
psychiatric disturbances, but the current knowledge of its role in cognitive and psychiatric profiles

of PD patients is still limited.
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1.8 Catechol-O-Methyltransferase

The catechol-O-methyltransferase (COMT) gene is located on the long arm of chromosome 22 g
11.21 at 19941772 to 19969975 bp according to GRCh38.p13 [36]. This gene encodes an enzyme
called catechol-o-methyltransferase which degrades catecholamines including dopamine. The
prominent role of COMT in modulation of dopamine availability made it the focus of extensive
studies. It has been reported in association with different neurological and psychiatric disorders

[63-65].

One of the COMT polymorphisms with substantial effect on the enzyme function is p.Vall158Met
(rs4680). This missense polymorphism substitutes a valine residue at position 158 of the enzyme
with a methionine residue. This substitution results in a reduced enzymatic activity of COMT up

to approximately 40 % in vivo [66].

The p.Val158Met has a prominent role in prefrontal dopamine availability. In healthy controls the
Met allele was found to be linked to better performance in the Wisconsin Card Sorting Task with
regards to perseverative errors, working memory, and attentional control [67]. In addition, healthy
Met carriers had enhanced physiological response to a simple cognitive task (two-back) during an

fMRI study compared to non-carriers [67].

Williams-Gray et al. proposed that p.Val158Met could have a dual effect on the executive-function
abilities of PD patients through the course of the disease (Fig 1.3). They proposed that COMT has

an inverted U-shape relationship with the executive-function abilities in PD patients [35].
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Figure 1-3. Schematic diagram of COMT alleles and their interaction with working memory throughout the progression of PD.

Based on Williams-Gray et al., PD patients with Val allele are more likely to demonstrate better performance in working-memory
abilities compared to the Met carriers. However, as the disease progresses, the dopamine becomes scarcer. At this stage of PD, the
Met carriers benefit from the lower enzymatic activity of COMT. The reduced activity of COMT, subsequently increases the
availability of dopamine in the prefrontal regions. (Figure obtained from Williams-Gray et al. paper [35], permission for use
obtained)
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Based on the findings from the CAMPAIGN longitudinal study in PD patients, the Val carriers at
early stages of the disease could display a superior cognitive performance compared to the Met
carriers. However, as the disease progresses, the availability of dopamine becomes sparser in
prefrontal regions. The Met carriers benefit from the lower activity of COMT enzyme by having

higher dopamine availability in their prefrontal cortex at more advanced stages of PD [35].

1.9 Dopamine Transporter

The Solute Carrier family 6 member 3 (SLC6A3) commonly known as Dopamine Transporter
(DAT1) is located on the short arm of chromosome 5p15.33 at 1392794 to 1445440 bp according
to GRCh38.p13 [36]. It encodes the Dopamine transporter (DAT), a type of monoamine
transporter protein located on the plasma membrane [68]. The DAT protein is exclusive to
dopaminergic neurons with highest abundance in the striatum [68]. This protein is in charge of
dopamine reuptake in dopaminergic neurons using a sodium/chloride gradient-dependent

mechanism [68].

In agreement with its prominent function in modulation of dopamine availability, mutations in
DAT1 are linked to manifestation of PD-like symptoms in toddlers and familial forms of PD.
Several mutations and polymorphisms are identified in DAT1 in association with PD. A variable
number of tandem repeat (VNTR) with polymorphism ID of rs28363170 has received attention
in idiopathic PD [69, 70]. This VNTR of 40 base pair repeats is located at the 3* untranslated
region (UTR) and have different alleles based on the length of VNTR in different populations. The

most frequently reported alleles of this variant are 9 and 10 repeats (9-R, and 10-R, respectively).
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This polymorphism can affect the abundance of the DAT protein in the putamen of non-PD

individuals [71].

The 10-R allele was reported in connection of an increased expression of DAT1 therefore this allele
can modulate a higher rate of dopamine reuptake [72]. Furthermore, a meta-analytical study
reported a protective effect for the 10-R allele in an Asian population but not for PD patients of
European descent [70]. Also, PD patients with a 9-R allele exhibited reduced neural activity in
prefrontal, premotor and caudate nucleus regions compared to 10-R patients during an executive-
function task [73]. However, some evidence suggested a link between the 10-R allele and reduced
reward reactivity in the orbitofrontal region of PD patients compared to HC [74]. DAT1 might be
involved in NPS in PD patients, for instance PD patients with the 9-R allele were shown to have a

higher likelihood of psychosis [75].

1.10 Microtubule-Associated-Protein-Tau

The Microtubule-associated-protein-tau (MAPT) gene is located on the long arm of chromosome
17q 21.31 at 45,894,538 to 46,028,334 bp according to GRCh38.p13 [36]. MAPT is implicated in
several neurodegenerative diseases like AD, and PD. It encodes for the Microtubule-associated-
protein-tau which is the building block of tau neurofibrillary tangles, a common pathological
inclusion body in AD and PD pathology [76]. This protein is primarily expressed in neurons and

plays a substantial role in the cytoskeleton of neurons.

The MAPT gene has a prominent haplotype which appears to be derived from an inversion of
approximately 970 Kbp region. This region is located inside a larger block spanning about 1.6

Mbp with linkage disequilibrium. H1 haplotype refers to the non-inverted region and it is the most
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common haplotype globally. The other allele, H2 haplotype is the inverted region which was
frequently found in up to 25% of people with an European descent [77]. These two haplotypes

exhibited a robust connection to the risk of having PD.

The H1 haplotype was reported to be associated with an increased risk of PD, and H2 was found
to be protective against the risk of PD [78, 79]. Based on a meta-analysis consisting of 43 studies,
H2 haplotype might have a protective effect on PD (OR=0.76, 95% CI= 0.74-0.79, p=0.002) [79].
In a large-scale study of shared genetic associations between PD and AD in 89,904 cases one
variant was found in Carbonyl Reductase 1 (CHCR1), a gene adjacent to the MAPT locus. This

variant displayed a strong Linkage Disequilibrium (LD) with the H1 haplotype [80].

The importance of MAPT in PD is not limited to the increased risk of PD and it has been found
associated with cognitive impairments as well. H1 haplotype has been found to be linked to a
higher rate of Parkinson’s disecase dementia (PDD) [81]. Nevertheless, a longitudinal study
following PD patients for 10 years discovered that this relationship might be modulated with age

in H1 haplotype carriers and not in H2 carriers [82].

fMRI studies reported significantly reduced neural activity in hippocampal, inferior temporal,
fusiform and parahippocampal regions of H1 PD patients during a memory encoding task
compared to non-carrier PD patients. Also, PD patients with the H1 haplotype had lower
hippocampal activation during the memory encoding task [83]. However, several studies reported
no association of MAPT HL1 in cognitive impairment and dementia in PD [84]. Furthermore, some

studies demonstrated a bias for association of MAPT H1 haplotype and early stages of PD [47, 85].
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1.11 Synuclein-Alpha

The Synuclein-alpha (SNCA) gene is located on the long arm of chromosome 4 q 22.1 at
89,724,099 to 89,838,324 bp according to GRCh38.p13 [36]. The SNCA gene is a crucial gene in
both, iPD and familial forms of PD. Point mutations and an increase in the SNCA gene copy
number can create early onset autosomal dominant PD with moderate to severe cognitive
complications [29, 86, 87]. However, the role of SNCA in PD is not limited to mendelian forms

and several variants were found in connection with risk of PD and dementia in iPD [88-91].

This gene encodes the alpha-synuclein protein which was discovered initially as a component of
amyloid-beta plaques in AD and later was identified as the main component of LBs in PD [4]. The
true function of the alpha-synuclein protein is obscure at this stage, but based on its cellular
location, it is speculated to be part of the NSF attachment protein receptor (SNARE). SNARE is a
crucial protein complex in neurotransmitter release from the presynaptic neurons [92]. The term
synucleinopathies refers to disorders like PD, DLB, AD, etc., in which the alpha-synuclein protein

was found to be involved [93].

Nevertheless, the role of SNCA and its protein is not restricted to the risk of PD. Recent studies
discovered a connection between variants in this gene and cognitive decline in iPD [88, 94]. In a
thorough analysis of SNCA using 1,492 PD, 922 DLB and 971 HC participants a haplotype on
intron 4 of SNCA was found associated with the risk of PDD [88]. Guella et al. included 43 SNCA
variants in the analysis and found that two variants: rs10018362 and rs7689942 had strong

connections to PDD after correction for age, sex, APOE ¢4 dosage, and sample site [88].
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In recent years, several variants in SNCA were reported in association with neuronal and cognitive
changes in iPD. A Brazilian study reported a SNCA variant, rs2583988, linked to cognitive
impairment in PD patients [94]. Similarly, evidence of SNCA effect on activity of brain networks
was proposed recently through investigation of the effect of rs894278 on resting-state activity in
both PD and HC groups [95]. This variant had an association with amplitude of low-frequency
fluctuations (ALFF) in the fusiform region indicating a possible role in resting-state activity in iPD
patients [95]. These studies although still preliminary, indicate a potential role for SNCA variants

in iPD and encourage further investigations on this gene.
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2 Chapter Two: Methods
In this chapter, the methods that were applied in this thesis will be briefly described. The methods
were selected based on their availability, suitability and efficiency according to the requirements

of each project.

2.1 Genetic Techniques

Genetic methods applied in this thesis were selected based on the study design, availability of
laboratory facilities and efficiency of technique. These methods were employed in particular to aid
the investigation of potential associations of variants in the above-mentioned genes and cognitive

impairments or NPS in PD patients.

2.1.1 DNA Extraction

The DNA was extracted from a whole blood sample collected in a 10 ml lavender cap tube based
on the following protocol.

The red blood cells (RBC) were lysed using 30 milliliters (ml) of RBC lysis solution in a 50 ml
polypropylene canonical tube. The blood sample of one lavender cap tube was added to the RBC
lysis solution and incubated on a shaker for 5-10 minutes. The solution was centrifuged at x4000
RPM for 2 minutes at room temperature. The supernatant was discarded, and the pellet was
resuspended in the remaining volume by a brief vortex. To precipitate the protein content of the
blood sample, 3.3 ml of protein precipitation solution was added to the resuspended pellet. 10 ml
of RBC lysis solution was slowly added to the mixture and was vortexed intermittently for 30

seconds until red fragments of lysed cells were visible in the solution. The mixture was centrifuged
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at x4000 RPM for 5 minutes. The supernatant was added to a clean 50 ml polypropylene canonical
tube containing 10 ml of 2-propanol and inverted manually until the white strand of DNA emerged.
The DNA pellet was precipitated using centrifugation at x4000 RPM for 3 minutes. The
supernatant was discarded, and the DNA pellet was washed with 10 ml of 70% Ethanol. The
resolved DNA mixture was centrifuged at x4000 RPM for 1 minute and the supernatant was
discarded. The DNA pellet was air-dried for 10 minutes and was resolved in 1 ml of pure DNase
free water. The concentration of DNA was measured using a Nanodrop spectrophotometer. All

DNA samples were stored (short-term) at 4° C in a refrigerator.

2.1.2 TagMan SNP Genotyping Assay

TagMan Single Nucleotide Polymorphism (SNP) genotyping assay is an efficient and affordable
genotyping technique. It was designed based on the 5° to 3’ nuclease activity of DNA polymerases.
This technique was originally invented based on the Thermus aquaticus (Taq) polymerase

exonuclease activity by Holland et al in 1991 [96].

TagMan SNPS genotyping assay is a mixture of forward and reverse primers specific to the target
SNP. Each primer is conjugated with a TagMan probe, a specific oligonucleotide with a
fluorescent reporter dye at 5° and a quencher at 3’ end adjacent to a minor grove binder (MGB).
There are different combinations of fluorescent reporter dyes, but the most usual ones are VIC and

FAM.

The TagMan oligonucleotide is designed to be specific to the DNA sequence adjacent to the target
SNP. The MGB molecule at 3’ of TagMan oligonucleotide increases the likelihood of
hybridization between the oligonucleotide and the DNA template. The MGB molecule stabilizes

hydrogen bonds between the oligonucleotide and the DNA template after they are hybridized.
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The DNA polymerization begins after one of the primers and the TagMan probe are hybridized
with the DNA template. The AmpliTag™ Gold DNA polymerase moves along the DNA for
polymerization, and the fluorescent dye is removed by its exonuclease activity. The removal of
fluorescent molecule from the primer creates a signal which can be detected. This fluorescent

signal is an indication of a specific DNA template (specific Allele) [97].

2.1.3 Variable Number of Tandem Repeat Genotyping (VNTR)

Variable Number of Tandem Repeats (VNTR) are genomic elements that consist of short
sequences of DNA consecutively repeated and located adjacent to each other. These genetic
elements can be highly polymorphic and typically have more than two alleles among individuals
of the same species [98]. These elements are spread throughout the genomic DNA. Some VNTRs
which are located within the coding or regulatory regions can have a prominent role in genetic

polymorphisms.

To identify different VNTR alleles, the genomic regions in which the VNTR are located are
amplified using PCR primers. The PCR primers are designed to anneal to the 3’ and 5’ ends of the
locus in genomic DNA containing the target VNTR. The PCR primers are extended using the
genomic locus as the template and capture the DNA sequence and its length in the amplicon (final
PCR product). The resulted amplicons are typically separated based on their length using agarose

gel electrophoresis [98].

The gel electrophoresis is a routine method of choice for separation of charged molecules in
laboratories. In the most basic form, an agarose gel of specific concentration is prepared. The gel

is solidified into a porous structure which can slow down the movement of charged molecules once
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it is exposed to an electric field. The amplicons have a net negative charge and move from the
negative pole (cathode) to the positive pole (anode). Those amplicons which are larger in size,
have slower migration to the anode. The difference in migration pace of amplicons facilitate
separation of amplicons based on their size. Each participant’s sample is run through the gel with
amolecular marker to measure the approximate size of the amplicons. Different sizes of amplicons
from the sample of a participant indicate a heterozygous genotype with respect to the target VNTR

[98].

2.1.4 Exome Sequencing

Exome sequencing is a genomic technique which generates the sequence of the protein-coding
regions (exome) of a genome [99]. This technique consists of two main steps; the first is the
enrichment step, in which the target regions are selected for sequencing. The second step is the
sequencing step, which generates the sequence of the selected regions using high throughput DNA

sequencing methods [99].

The exome sequencing method which was applied in chapter 6 for PPMI data was Ilumina
Nextra® Rapid Capture Expanded Exome (Illumina, Inc. SanDiego). This exome sequencing kit
covers about 201,121 exons, UTRs and micro-RNA (miRNA) binding sites in the human genome.
Comparing this library to Refseq showed 95.3% coverage of the human genome [100]. This

method is briefly described in the following section.

The genomic DNA is prepared for the enrichment step using transposomes to cut it into fragments
of few hundreds bp. The transposomes tagment the genomic DNA fragments by adding specific

sequences (called adaptors) to both ends of them. The tagmented genomic fragments with adapter
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sequence can hybridize with primer pairs specific to the adapter sequences and get amplified [100,
101]. The PCR products are denatured to become single-stranded DNA (ssSDNA). The ssDNA
fragments are enriched using biotinylated probes containing an oligonucleotide sequence

complementary to regions of interest in the genome (Figure 2.1) [100, 101].

The ssDNA fragments are purified and sequenced in llumina HiSeq 2500 sequencing platforms
(Mumina, Inc. SanDiego) [102]. The fragments are read using 2x100 bp paired-end read cycles.
Using this method each fragment is read twice, one time the reading direction is from 3’ to 5 and

the next time, it is vice versa.

These sequences are stored in (. fastq) files in a database. The (. fastq) read files are aligned to the
human genome (for instance, UCSC hg 19) using Burrows-Wheeler Aligner (BWA). The
duplicates are removed, insertion-deletions (indels) were checked, and a base calibration was
performed using the Piccard Software (picard.sourceforge.net/index.shtml) and the Genome

Analysis Tool kit (GATK).

A variant calling, and the genotype likelihood are performed, and a Variant Calling File (VCF) is
generated per participant. All participants VCF files are combined to generate a cohort VCF file
using GATK tools [102]. Quality check can be performed with the PLINK toolset using variant
call-rate, heterozygosity rate, gender check, etc. For further details please check the PPMI database

or llumina website [101, 102].
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Figure 2-1. A schematic view of Exome sequencing pipeline.

The Genomic DNA is cut into fragments of few hundred bp, and during an in-solution enrichment step, the genomic fragments are
hybridized with primer pairs. These hybrid oligonucleotides are sequenced and by use of bioinformatic tools, the exome sequence
is reconstructed. Each oligonucleotide is sequenced, and oligonucleotides are aligned using the human genome as a reference. The
duplicate reads are removed in a validation step. The exomic sequences are used to screen for indels and Single Nucleotide Variants
(SNVs). (The image is adopted from the following paper [103], open access data, used in agreement with the creative commons

attribution non-commercial license)
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2.2 Neuropsychological and Neuropsychiatric Assessment

Neuropsychological assessment is defined as “the normatively informed application of
performance-based assessment of various cognitive skills” [104]. The cognitive assessment is
important in evaluating cognitive abilities of the examinee in an unbiased and standardized setting.
The examinee’s performance is compared to the normative data to assess their cognitive abilities.
The normative data used for the cognitive assessment should be collected from a large sample
reference group of the same age, sex, and years of education [104, 105]. The normative comparison
enables the investigators to evaluate the cognitive performance of the examinee while considering

these critical demographic factors which can influence cognitive performance [104].

The neuropsychological assessment usually includes more than one type of test per cognitive
domain. The common cognitive domains are memory, processing speed, language, attention,

visuo-spatial and executive-function [104].

In this thesis the following neuropsychological battery was applied to evaluate the cognitive
abilities of the study participants (Table 2). This cognitive battery was designed to tap into the five
main cognitive domains: attention, executive-function, language, memory and visuo-spatial
function. Participants were diagnosed as MCI according to the guidelines suggested for the
diagnosis of MCI in PD patients by the Movement Disorders Society (MDS) [15]. The participants
were diagnosed as MCI if their performance in two cognitive measures was > 1.5 standard
deviations below the mean of the normative data. All cognitive assessments were performed by a
senior psychometrist. The final scores were transformed to Z-scores and an average Z-score per
cognitive domain was calculated. The global cognitive Z-score was calculated using a weighted

average of the Z-scores of the examined domains.
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Table 2.1. Cognitive battery applied to evaluate the cognitive abilities of the study participants.

Cognitive domain Cognitive test/measure
Attention Trail A
Wechsler Memory Scale-1V (WMS-1V) Symbol Span
Wechsler Adult Intelligence Scale-1V (WAIS-1V) Digit-Span
Forward
Executive function Brixton
Clock Drawing Test (CDT) Command
Dementia Rating Scale-2 (DRS-2) Initiation and Perseveration
Hayling 2
Letter Fluency FAS
Stroop Colour and Word
Trail B
WAIS-IV Digit Span Backward
WAIS-1V Digit Span Sequencing
Language Boston Naming Test (BNT)
Category Fluency Animals
Category Fluency Actions
Memory Hopkins Verbal Learning Test (HVLT) Retention
HVLT Recognition
Rey Complex Figure Test (RCFT) Delay Recall
WMS-1V Logical Memory Delayed Recall
Visuo-spatial CDT Copy
Hooper Visual Organizational Test (HVOT)
RCFT Copy

Another method to evaluate the cognitive abilities of a participant is to use the Montreal Cognitive
Assessment (MoCA) test. The MoCA is a brief test which can provide a general overview of
cognitive abilities of the examinee. This test was administered by the psychometrist and the MoCA

scores were corrected for age and education [106].

The NPS in this thesis were evaluated in accordance with the mild behavioral impairment (MBI)
criteria in chapter three and four. MBI is a validated syndrome that is characterized by the
emergence of persistent NPS in later life which indicate a potential risk of cognitive decline [107].

This syndrome is evaluated using the mild behavioral impairment checklist (MBI-C).
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The MBI-C contains five major domains of behavioral symptoms: 1) impaired drive/motivation;
2) emotional dysregulation; 3) impulse dyscontrol; 4) social inappropriateness; and 5) abnormal
thoughts/perception. This checklist is a 34-item questionnaire which explicitly captures symptoms
emerging in later life, persisting for =6 months, and representing a meaningful change in the
participant’s behavior. Items were scored on a severity scale of 0-3; a cut-off score of >8 was
used to classify a patient as MBI positive [108, 109]. The MBI-C was completed by a third party

in close contact with the participant e.g., family member or caregiver

2.3 Structural MRI

Structural MRI is a non-invasive technigue to examine the anatomy of the brain clinically and in
research settings. Numerous studies reported structural changes in cortical and subcortical regions
of PD patients compared to the general population [110-113]. There are various types of structural

MRI including, Ti-weighted, T2-weighted, and Fluid attenuated inversion recovery imaging.

Ti-weighted imaging is a basic technique to study the anatomy of the brain. It is based on the
longitudinal relaxation (T1) also known as spin-lattice relaxation. The Ti relaxation is defined as
the process in which net magnetization returns to each initial state which is parallel to the
longitudinal component of net magnetization (Bo) [114]. The T1 constant refers to a time constant
through which 63 % of the exited spins return to the longitudinal component of net magnetization.
Different brain tissues return to the Bo at different rates. Cerebrospinal fluid (CSF) has the shortest
recovery time while white matter displays the longest T1. The differences in tissues’ T1 are used to

differentiate anatomical structures of the brain.
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Different software programs are available to process structural imaging and Freesurfer
(http://surfer.nmr.mgh.harvard.edu/; version 6.0.0) is used in this thesis to measure cortical
thickness and subcortical volumetry. Freesurfer software is publicly available and includes

features enabling precise and automatic processing of structural data [115-118].

2.3.1 Cortical Thickness

Cortical thickness measurements aim to evaluate the thickness of cortical grey matter either locally
(region of interest) or globally. Grey matter thickness changes with age, but some studies reported
an accelerated cortical thinning in PD patients compared to age-matched controls in the general
population [110, 119]. These cortical atrophies are associated with cognitive and psychiatric

impairments which necessitates investigation of these changes in PD patients [110, 119, 120].

The automatic cortical thickness measurement with Freesurfer is discussed in brief below. First,
structural images are required to be corrected for motion artifacts and field intensity
inhomogeneity. These images are registered to the MNI-152 template using nine parameter affine
transformation and the skull is removed. Next, Freesurfer segments the image and separates

cortical grey matter from subcortical white matter through segmentation and reconstruction steps.

The segmentation process is comprised of several steps. First, different tissues are labeled based
on their intensity information. Next, the whole volume is analyzed thoroughly to identify regions
where more than one tissue type is located at proximity. A planar orientation is prepared for the
voxels located at the borders where different types of tissues are occupying the same voxel. In-
plane intensity inhomogeneity allows identification of voxels that have different intensities from

their neighboring voxels, and the label for that individual voxel is reversed. The connected
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components algorithm is used to fill out the footprint of white matter in the reconstructed grey
matter. The boundaries of grey and white matter and the grey matter and pial membrane are
reconstructed by tessellation of their surfaces. This can result in generating a polygonal mesh of
the cortical surface made from approximately 150x10 2 vertices. Freesurfer checks the topology of
the resulting surface automatically. The cortical surface is evaluated and modeled using a surface

deformation technique.

The cortical thickness is measured by calculation of the difference between the analogous vertices
on the surface of the pial and white matter. Each vertex on the pial and the white matter are
considered as a truncated pyramid which together they form a truncated tetrahedrane. The cortical
volume is calculated as the volume of the truncated tetrahedrane. These cortical measurements are

smoothed to diminish the regional variation [115, 116].

The statistical analysis is performed using a general linear model (GLM) in which confounding
factors can be controlled for. The ROIs are identified and labeled using the Deskian-Killiany atlas

and their average cortical thickness is extracted [121].

2.3.2 Subcortical Volumetry

This technique is performed using the Freesurfer platform and has some overlaps with the cortical
thickness technique explained above. Freesurfer provides a highly automated pipeline for this
technique and the following steps are performed to obtain subcortical volumetric measures [117,
118]. Ti-weighted images are motion-corrected and intensity-normalized. Images are registered to
the MNI-152 common template using a nine-parameter affine transformation and the skull is

removed.
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The analysis proceeds to the segmentation step which comprises of several processes; first the
subcortical regions are registered to the Gaussian Classifier Atlas (GCA), after which images are
normalized and registered using canonical algorithms [117]. Neck removal follows this process
and images are again registered with the skulls included in the image. Finally, the subcortical
regions are labeled using the GCA atlas and their volumes are measured by Freesurfer. It is highly
recommended to measure the intracranial volume for the subsequent normalization of subcortical
volumetric measures. A total grey matter measure can be extracted which consists of the average

surface-based grey matter volume and the voxel counts of subcortical grey matter [117, 118].

2.4 Machine Learning

This branch of artificial intelligence has the primary aim of developing algorithms which can detect
the underlying relationship in a large and complex set of data accurately and efficiently. Machine
learning (ML) applies various approaches to analyze a given dataset and these approaches can be
divided into two major groups: supervised and unsupervised analyses. In the unsupervised models,

there is no definite outcome, and the model is used to differentiate classes or clusters of data [122].

Supervised models are employed to predict a pre-determined outcome, and this requires training
of the model on an example dataset, in which the outcome is predefined to learn to accurately
predict the outcome. One of the most common applications of ML is to develop a predictive model.
A predictive model is capable of making predictions about a very specific topic. To build the
predictive model, a training dataset is typically used to train the algorithms and enables it to predict.
In a supervised analysis, the choice of ML method for a predictive model depends on the nature
of the target outcome. Continuous outcomes are processed using regression while categorical

outcomes are analyzed using classification methods.

49



Feature selection is an optional step for ML data processing through which highly correlated and
redundant input features are removed. Feature selection is essential to avoid unnecessary model
complexity and overfitting issues in large datasets. Some of the most common feature selection
algorithms are discussed below. These algorithms are selected based on their relevance to the

methods used in this thesis.

One common feature selection algorithm is correlation-based feature selection which reduces the
dimensionality of the dataset by removing the input features that are not highly predictive of the
outcome variable [122]. Another common method is principal component analysis (PCA) which
generates a set of new variables by combing the actual independent variables (IV) linearly. The
new variables are created to maximize the amount of variance in themselves leading to fewer IVs

in charge of substantial portion of variance.

The RELIEF algorithm is another common feature selection method in particular for classification
analyses. In this method a given feature and its K nearest neighboring features are selected from
one of the classes (called Hits) and M nearest features from the opposite class (called Misses).
After selecting these features, the RELIEF algorithms analyze the features iteratively. By the end
of the iteration process, the features are weighted and those features with greater weights gain
more relevance in the analysis. This method is mostly employed when features display collinearity
issues. A modified version of this feature selection algorithm is RRELIEF which can be used for

regression problems.

In the following section, some of the most common supervised regression models for ML are
summarized including linear regression, random forest, k-nearest neighbors and support vector
regression. This section focuses on the support vector regression in more details, since it has been

applied for the analysis of the project presented in chapter 5 of this thesis.
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2.4.1 Linear Regression

Linear regression is one of the basic models to predict a continuous outcome in ML. Linear
regression assumes that the relationship between the predictive and the outcome variables is linear.
This model has different variations but two of the most common ones are simple and multiple
linear regression. In simple linear regression, the outcome variable depends on changes in value
of one independent variable (input). Multiple linear regression considers effects of several

variables for prediction of the outcome.

2.4.2 Random Forest

The random forest (RF) technigue is one of the decision tree methods. Decision tree is a common
predictive modeling method. It is defined as a system of conditions and rules that can be graphed
as a tree. The branches of the tree are constructed by optimization of the rules over the features
that can optimally split the data according to the outcome variable. The trees contain several layers
of branches and the smallest branches end up in leaves. The leaves of the tree demonstrate the
probability based on the observations. In the process of building a decision tree, the tree structure
is trained on choosing data points most similar to each other in the same node/leaf [122].

The random forest method differs from the simple decision tree by dividing the training dataset
using sampling with replacement into groups. Each group is used to train a tree. The final result is
provided by calculation of the average of each tree. In addition to this difference, RF uses a subset
of available features in the formation of the decision tree to induce more randomness.

This technique benefits the analysis by avoiding overfitting problems [122].
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2.4.3 k-Nearest Neighbor

k-nearest neighbor is a non-parametric supervised algorithm. It utilizes the training dataset as a
template and predicts a model based on the similarity between the training and test datasets. This
algorithm uses the distance between each test sample and the training dataset and considers a
weight for the neighboring observations. The average of the nearest neighbors is the predicted
value for the test sample. For predictive purposes, the Euclidean distance is a common distance
type, referring to the distance between the current test sample and the training datapoints. There
are several limitations for this algorithm; it does not perform well with a high number of

independent variables and is prone to error in small datasets.

2.4.4 Support Vector Regression

Support vector regression (SVR) is a derivative of the more known ML algorithm, support vector
machine (SVM). SVM is a supervised classification method that detects a hyperplane (line/higher
dimensional plane) which can separate different classes of data efficiently. To identify this
line/hyperplane, datapoints might need to be transformed using mathematical functions called
kernels. Common kernels are linear (the simplest method, suitable for large and sparse datasets),
polynomial (used commonly with imaging data), or Gaussian (used mostly when no prior

knowledge on the dataset is available).

SVR is, in principle, very similar to SVM classification models with slight differences in the
adaption to a regression style problem [123]. More precisely, an SVR model is built based on only
a subset of training data within the predefined margins that minimize the generalization error

between the true and the predicted outcome.
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Therefore, the data is first transformed into a higher dimensional space employing the polynomial
kernel, thereby allowing linear models to fit the training data. The SVR model is less likely to
overfit the data compared to other models, i.e., SVR is a model with adequate generalization

capabilities and good prediction accuracy.

2.4.5 Model Evaluation

The model performance should be evaluated in order to validate its sensitivity and accuracy
regarding the target outcome. The validation of a model is an important step through the model
development to examine the reliability and reproducibility of the model. A test dataset is ideally
required to evaluate the performance of a model [124]. However, in some cases there are no test
datasets available for model evaluation. This issue can be resolved using cross-validation methods.
Through cross-validation, the dataset is divided into training and test sets. For instance a fourfold
cross-validation refers to dividing the dataset into four equal parts, in which one part is used for
testing and the three other parts are used for training the model [124]. The nested leave-one-out
cross-validation (an internal validation method) was applied in chapter 5, which is discussed

briefly below.

The nested cross-validation achieves higher accuracy through splitting the validation dataset into
smaller sets. This method is based on two loops, an inner loop which is nested within an outer loop
[125]. The model score is maximized by fitting the model to the training set (inner loop). The
generalization error (an index of the model generalization ability) is estimated through the outer
loop which is divided into training and test sets for validation. As the test and training sets in this
method are selected randomly the average error score obtained through this method is more reliable

[125].
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In the leave-p-out-cross-validation, a dataset with (n) number of datapoints is split to be used for
both testing and training the model. This can be performed by using p number of data points which
are randomly selected and used as a test set. At each validation test, p number of participants are
used to test the model while n-p participants were used to train the model. The average metrics of
these n models are usually used to report the model performance. In the leave-one-out cross-

validation, p is equal tol [124, 126].
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Thesis Overview and Aims

The overall goal of the present thesis is to investigate the association between genetics and non-
motor symptoms in iPD patients. This thesis specifically focuses on two of the non-motor

symptoms, NPS and cognitive impairment.

The first part of the thesis includes two manuscripts exploring the relationship between certain
genetic variants and NPS in iPD patients. In chapter 3, we investigated the association between
the BDNF Val66Met and mild behavioral impairment (MBI) in iPD patients using the Mild
Behavioral Impairment-Checklist (MBI-C) as the ascertainment tool. In chapter 4, we studied two
well-characterized genetic variants in two dopamine modulating genes and their potential
association with MBI in iPD patients. We aimed to investigate the possible link between COMT
Val158Met and DAT1 VNTR and MBI. In particular, we explored whether these variants are

associated with mood impairments induced by dopamine dysregulation.

The second part of the thesis includes two manuscripts studying the association between cognitive
impairment and a novel variant in the SNCA gene. In chapter 5, we aimed to predict global
cognition in iPD patients using a combination of features including genetics, demographic, clinical
characteristics, and structural imaging by means of machine learning. In a second step, we
analyzed the most novel selected feature, rs894280 in a post-hoc analysis to study its relationship
with each of the main cognitive domains. In chapter 6, we examined whether rs894280
demonstrates an association with cognitive impairment in PD patients longitudinally using PPMI
data. In addition, we hypothesized a possible association between this variant and NPS in the PPMI

dataset. This analysis was designed in order to replicate results, presented in chapter 5, in a larger
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cohort. In addition, it was aimed at investigating whether rs894280 could be linked to cognitive

and NPS symptoms both cross-sectionally and longitudinally.

In Chapter 7, the results of the studies are summarized. | describe how these findings can aid future
research in iPD non-motor symptoms, specifically cognitive decline and NPS. | describe possible
future investigations that can be conducted in order to elucidate the role of the abovementioned
variants in non-motor symptoms of iPD patients. Finally, I discuss the implication of the main

findings of this thesis in the conclusion.
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Part one: Genetic Associations and Neuropsychiatric Symptoms in
Idiopathic PD
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3 Chapter Three

In this chapter, we studied the association of a common BDNF variant with NPS in PD patients.
We studied whether this variant shows any association with the likelihood of NPS in general. We
also investigated whether this variant is associated with specific domains of mood disorder in PD

patients.

This chapter is reproduced from the paper published in Frontiers Neurology: Ramezani M, Ruskey
JA, Martens K, Kibreab M, Javer Z, Kathol I, Hammer T, Cheetham J, Leveille E, Martino D,
Sarna J, Gan-Or Z, Pfeffer G, Ismail Z, Monchi O. (2021) Association between BDNF Val66Met
polymorphism and mild behavioral impairment in patients with Parkinson's disease. Frontiers in

Neurology. Jan 21,10:587992.
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3.1 Abstract

Neuropsychiatric symptoms (NPS) are common in Parkinson’s disease (PD) and have
demonstrated an association with the p.Val66Met, a polymorphism in the BDNF gene. Mild
behavioral impairment (MBI) is a validated syndrome describing emergent and persistent NPS in
older adults as a marker of potential cognitive decline and dementia. This study investigated if PD
patients with the Met allele were more likely to have MBI, and whether they had impairments in
specific domains of MBI using the Mild Behavioral Impairment Checklist (MBI-C) as the MBI
ascertainment tool. 146 PD patients were screened for neuropsychiatric and cognitive impairments
with the MBI-C and the Montreal Cognitive Assessment (MoCA). All participants were genotyped
for the BDNF p.Val66Met SNP using TagMan Genotyping Assay. Statistical analysis was
performed using multiple linear and logistic regression models. Met carriers had a two times higher
likelihood of being MBI positive (MBI-C total score >8) than Val carriers. Met carriers had
significantly higher MBI-C total scores, and significantly greater impairments in the mood/anxiety
and the psychotic domains of MBI-C compared to Val carriers. These findings indicate that the

BDNF Met allele is associated with a higher neuropsychiatric burden in PD.

3.2 Introduction

Neuropsychiatric symptoms (NPS) are common in Parkinson’s disease (PD) patients. These
NPS include depression, anxiety, psychosis, etc. which occur more frequently in PD patients
than in the general population [6, 127]. NPS can be present at early stages of PD, and even
precede the emergence of cardinal motor symptoms of PD [127]. They have a severe social

and emotional impact on the quality of life in PD patients and their families/caregivers [128].
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Mild behavioral impairment (MBI) is a validated syndrome characterized by the emergence of
persistent NPS in older adults as an at-risk state for incident cognitive decline and for some,
MBI is the index manifestation of dementia, emerging in advance of cognitive symptoms
[129]. Early evidence in PD has linked MBI to altered corticostriatal connectivity, middle
temporal lobe atrophy and cognitive impairment which suggest a higher risk of developing

dementia [130, 131].

Brain-derived-neurotrophic-factor (BDNF) is a crucial protein in the central nervous system
(CNS) with a substantial role in differentiation, survival and protection of CNS neurons [132].
Studies have investigated a potential role for p.Val66Met (G758A, rs6265), a single nucleotide
polymorphism (SNP) in exon 11 of the BDNF gene, and PD [56, 57, 133]. The p.Val66Met
SNP substitutes a Valine (Val) residue at position 66 with a Methionine (Met) residue in the
pro-domain of the BDNF protein [132].The Met allele has been found to be associated with
cognitive impairments in PD patients and late-life psychiatric symptoms in general population
[56, 57, 134]. This substitution is not transferred to the final form of BDNF, however, this
structural change in the BDNF protein precursor can significantly decrease the secretion of
BDNF extracellularly and subsequently reduce its availability to the CNS neurons [132].
Recent evidence suggests a role of the Met allele in the induction of Long-Term Depression
(LTD) in the brain, likely via altered interaction of BDNF pro-domain with sortilin receptors
[54, 55]. The altered interaction might explain the connection of this polymorphism with NPS
in the general population and in neurodegenerative diseases [60, 135]. Recent longitudinal data
in Alzheimer Disease (AD) patients revealed strong evidence of Met association with
depression [135]. Moreover, recent meta-analysis reported higher likelihood of mild cognitive

impairment in PD patients with the Met allele [56].
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These evidence suggest a link between the p.VVal66Met polymorphism and NPS in PD patients,

and therefore encourage an investigation of this relationship.

In this study, we tested whether the p.VVal66Met SNP in PD patients is associated with MBI
burden using the Mild Behavioral Impairment Checklist (MBI-C). Specifically, we
hypothesized that PD patients with at least one Met allele (Met carriers) would have greater
likelihood of having MBI and higher total MBI-C score than those who are VVal homozygotes
(\Val group). Additionally, we hypothesized that Met carriers would have higher MBI-C

domain scores compared to Val group.

3.3 Methods

3.3.1 Participants
146 PD patients at Hoehn & Yahr stages Il-111 were recruited. Patients had a confirmed
diagnosis of idiopathic PD by a Movement Disorder Clinic neurologist, meeting the UK Brain
Bank criteria for idiopathic PD. All patients were on prescribed dopaminergic medication and
were responsive to it. Exclusion criteria were: 1) any neurological disorders other than PD;
2) alcohol dependency; 3) history or presence of a severe psychiatric disorder; and 4)
cerebrovascular disorders. The severity of motor symptoms was assessed using the motor
section of the Unified Parkinson’s Disease Rating Scale (UPDRS-III). All participants
provided written informed consent according to the declaration of Helsinki and the study was
approved by the Conjoint Health Research Ethics Board (REB14-2463) at the University of

Calgary.
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3.3.2 Genotyping
A blood sample was collected from each participant and DNA was extracted using the
MagMax DNA Multi-Sample Ultra 2.0 kit and the King Fisher Duo Prime Robot (Thermo
Fisher Scientific). DNA samples were screened for the BDNF p.Val66Met SNP (rs6265) using
TagMan SNP Genotyping Assay C-11592758-10 on C-1000 Touch Thermal cycler (Bio-Rad).
TagMan assay reading was done on Applied Biosystems QuantStudio 7 Flex Real-Time PCR
system (Fisher Scientific) according to the manufacturer’s instructions. The TagMan assay

results were analyzed using the Bio-Rad CFX Maestro software.

3.3.3 Neuropsychiatric and cognitive assessment
NPS in all participants were evaluated using the MBI-C [107, 136]. The MBI-C contains 34
questions to cover the five domains of MBI including: 1) impaired drive/motivation (apathy);
2) emotional dysregulation (mood and anxiety symptoms); 3) impulse dyscontrol (agitation,
aggression, abnormal reinforcement and reward salience); 4) social inappropriateness
(impaired social cognition); and 5) abnormal thoughts/perception (psychotic symptoms). This
checklist is completed by each patient’s caregiver/close family member. Consistent with the
MBI criteria, symptoms should have lasted for at least six months and present a meaningful
change of behavior from longstanding patterns. An MBI-C total score cut point of >8 was
used to classify a patient as MBI case positive [130, 137, 138]. All participants completed the
Montreal Cognitive Assessment (MoCA) for a brief cognitive assessment and completed a

questionnaire on their demographics, and daily activity level.
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3.3.4 Statistical analysis
Statistical analyses of continuous variables were performed using either the student T-test or
Mann-Whitney (M-W) U test based on the data normality. The Fisher Exact and Chi-square
tests were used to test the categorical variables. Logistic regression was used to test the
relationship between the MBI positive condition (the categorical dependent variable) and the
two BDNF genotype groups, including any independent variables that were significantly

different between the two conditions.

MBI-C total score (the continuous dependent variable) was compared between the two groups
using a multiple linear regression model after checking for the multiple linear regression model
assumptions. The independent variables that were correlated with MBI-C total score were
included in the regression model. Values of p<0.05 were considered significant for single tests
and significance of 0.01 was used to test MBI-C domains using Bonferroni correction. The
same analysis was used to study association of p. Val66Met and MBI-C domain scores. All
statistical tests were performed using IBM SPSS Statistics for Mac v. 26 (IBM Corp., Armonk,

N.Y., USA). Power analysis was performed using G-Power software 3.1.9.6 [139].

3.4 Results
3.4.1 Demographics of participants

The demographic and clinical characteristics of the participants are summarized in Table 4.1.

10 patients were identified as outliers based on values that were more than 3 standard deviation
away from the mean of each allelic group for the following variables; age, education, UPDRS,

LEDD, disease duration, MoCA and MBI-C total score.
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Among the 136 remaining PD participants, Val homozygous patients (GG) represented the

majority of the cohort (n=90). Because of the low number of homozygous Met/Met patients

(n=4), all Met carriers were pooled as one group. 46 patients were heterozygous or

homozygous for the Met allele (GA, AA) with a frequency of 0.18 which was in accordance

with Hardy-Weinberg equilibrium. The two groups had no significant differences in any of

their demographic, or clinical characteristics, ethnicity and weekly exercise level (Table 4.1).

Table 4-1. Demographic and Clinical Characteristics of PD Participants.

Outliers were identified based on 3 standard deviations away from the mean values of demographic and clinical

characteristics, ten participants were removed as outliers.

Characteristics
Mean, SD (Min-Max)

Age
Sex (female percentage)

Education (year)
LEDD

Disease Duration (year)
UPDRS-I111

MoCA

Handedness
Right-handed
Left-handed
Ambidextrous
NA

Ethnicity %

Caucasian
Other
NA

Exercise (hours per week)

Abbreviations: Val= Valine, Met= Methionine, SD =Standard Deviation, Min= Minimum, Max= Maximum, LEDD= Levodopa Equivalent Daily

Val carriers
(GG)

n=90
69.2,£8.1(47-
86)

36%

14.8, + 2.8 (8-
21)

809.7, £ 401.6
(200-1925)
5.71,+ 4.4 (0.2-
16.1)

18.2, +10.0 (0-
50)

25.3,£4.0 (13-
30)

84%
12%
2%
1%

86.7%
7.8%
5.5%

5.8 + 4.8 (0-28)

Met carriers (GA,
AA)
n=46 (TT=4)

66.7, + 7.8 (48-79)
48 %
14.87, + 2.5 (9-19)

822.3, + 373.3(225-
1675)

5.57,+ 3.9 (0.2-18.2)
20.3, + 11.2 (0-49)

25.9, + 3.2 (18-30)

87%
6%
2%
4%

91.3%
4.0%
4.0%

6.2 4.5 (0-20)

Dosage, UPDRS-III= Unified Parkinson’s Disease Rating Scale part III, MoCA= Montreal Cognitive Assessment

a Student t test

b Fisher Exact test (2-sided)

¢ Chi-square test (2-sided)

p-value

0.092
0.20°
0.892

0.862
0.862
0.272

0.422

0.49¢

0.7¢
0.8¢
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d data was not available for two of the participants in Val group

3.4.2 Association of VVal66Met and MBI-C score

Met carriers were twice as likely to be MBI positive than the Val carriers, 39% of Met carriers

were MBI positive whereas in the Val group only 20 % of patients were MBI positive. The

Met group had a significantly greater mean value for MBI-C total score than Val carriers (7.39

versus 4.06, respectively). Two factors were included in the multiple logistic regression as

independent variables in addition to the BDNF groups based on significant differences between

the two groups in the Mann-Whitney U test; MoCA and UPDRS-III (M-W U= 1230.5,

p=0.005, and M-W U=2441.5, p=0.002, respectively). The logistic regression analysis revealed

a significant contribution of the Met allele for the likelihood of being MBI positive (OR= 2.88,

Cl 95% = 1.22- 6.78, p=0.02) (Table 4.2).

Table 4-2. Multiple logistic regression analysis of BDNF p.Val66Met and MBI positive likelihood.

Covariate Estimate SE
BDNF Met allele 1.06 0.44
MoCA -0.14 0.06
UPDRS-I1I 0.05 0.02
Constant 0.10 1.60

Abbreviations: VVal= Valine, Met= Methionine, MBI-C= Mild Behavioral Impairment Checklist, SE= Standard Error, OR= Odds Ratio, Cl=

Confidence interval, NA= Not Applicable

Wald’s chi
square
5.82

5.96

4.68

0.004

p-value”

0.02%"
0.02%"
0.03*
0.952

OR

2.88
0.87
1.05
NA

95% CI

1.22-6.78
0.78-0.97
1.00-1.09
NA

2= Multiple logistic regression model, N=136, Nagelkerke pseudo R?= 0.22, Hosmer and Lemeshow goodness-of-fit test p=0.85 (df=8), correct cases

overall percentage= 74.3 %
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Most Val carriers had either zero or very low MBI-C total score (Figure 4.1).

Population Pyramid Frequency MBI-C score by BDNF genotype
groups

Met carriers Val carriers
N=48 N=80

30 30

20 20

2102s )-19N

10 10

MBI-C score

30.0 20.0 10.0 0.0 10.0 20.0 30.0

Figure 4-1. The population pyramid frequency of MBI-C total score by BDNF genotype.

MBI-C total and MoCA scores were negatively correlated (Pearson’s r = (134) 0.17, p=0.04).
Also, UPDRS-II1 and MBI-C total scores had a positive correlation (Pearson’s r = (134) 0.23,
p=0.007). These factors were included in the multiple linear regression model. The difference
between the MBI-C total score between the two allelic groups was statistically significant when
controlling for MoCA and UPDRS-II1 scores in the regression model (r>= 0.13, Beta= 0.25, F
(3, 135) =6.36, p=0.013, Cohen’s f2 = 0.15). A power analysis was conducted, which revealed

that our samples size of 136, would yield a power of 0.99 assuming type-I error rate of 0.05.

Association results of BDNF alleles with MBI-C domain scores are shown in Table 4.3.
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Table 4-3. MBI-C total and domain scores.

MoCA and UPDRS scores were used in multiple linear regression model. In total, 10 PD participants were identified as
outliers and removed from the analysis.

MBI-C scores Val carriers (GG) Met carriers (GA, r?, Beta (Cl 95%) p-value”®
Mean, SD (Min-Max) N=90 AA)
N=46
MBI-C total 4.06, + 4.50 (0-20) 7.39, £ 8.05 (0-29) 0.13,0.25 (1.17-5.35) = 0.003™
Drive/Motivation 1.10, £ 1.72 (0-8) 1.43, £ 2.02 (0-8) 0.06, 0.07 (-0.38- 0.41
0.92)
Mood/Anxiety 1.48, + 2.21 (0-13) 2.87, + 3.36 (0-12) 0.10, 0.24 (0.46-2.35) = 0.004™
Impulse Dyscontrol 0.79, £ 1.43 (0-8) 1.15, + 2.80 (0-13) 0.03, 0.10 (-0.28- 0.23
1.16)
Social Inappropriateness 0.16, £ 0.62 (0-4) 0.43,£1.41 (0-7) 0.04, 0.14 (-0.07- 0.11
0.63)
Abnormal 0.53, + 1.09 (0-4) 1.50, + 2.54 (0-11) 0.12,0.23(0.26-1.48)  0.006™
Thoughts/Perception

Abbreviations: Val= Valine, Met= Methionine, MBI-C= Mild Behavioral Impairment Checklist, SD= Standard Deviation, Min= Minimum,
Max= Maximum, MoCA= Montreal Cognitive Assessment, Cl 95%= 95% Confidence Interval

* Analysis was performed using multiple linear regression model including MoCA and UPDRS scores in the model. MoCA and MBI-C total scores

were negatively correlated rp= 0.17, p = 0.043 while UPDRS and MBI-C total scores were positively correlated r,= 0.23, p = 0.007.

** p-value was set to < 0.01 to correct for multiple tests, Bonferroni correction

Patients with the Met allele had significantly higher MBI-C scores for the mood/anxiety (r=
0.10, Beta= 0.24, p=0.004) and the psychosis domains (r’= 0.12, Beta= 0.23, p=0.006) when

controlling for MoCA and UPDRS-I11 scores (Table 4.3).

We performed an extra analysis in order to confirm that MBI classification results were
derived from BDNF alleles and not driven by a few participants with marginally higher or
lower MBI-C total score than the cut-off value (>8). All participants with an MBI-C total score
of 7 and 8 were excluded from the sample, and analysis was repeated. In total, 10 patients
were removed; only one Met-carrier had the score of 7. In the Val group, three patients had

the score of 7 and six patients had the score of 8 for MBI-C.
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Similar to the main analysis, two factors were included in the multiple logistic regression as

independent variables in addition to the BDNF groups, based on their significant differences

between the two groups in the Mann-Whitney U test; MoCA and UPDRS-III (M-W U=

1024.5, p=0.02, and M-W U=1914.5, p=0.007, respectively). Results revealed a significant

contribution of the Met allele for the likelihood of being MBI positive (OR= 4.38, Cl 95% =

1.72- 11.14, p=0.002) (Table 4.4).

Table 4-4. Multiple logistic regression analysis of BDNF p.Val66Met and MBI positive likelihood after removing

participants with total MBI-C score of 7 and 8.

10 participants were removed, including only one Met carrier with the score of 7 (n=126).

Covariate Estimate SE
BDNF Met allele 1.48 0.48
MoCA -0.14 0.06
UPDRS-I111 0.04 0.02
Constant -0.71 1.71

Wald’s chi
square
9.54

4.84

3.76

0.19

p-value”

0.002%"
0.032
0.0532
0.672

OR

4.37
0.87
1.04
NA

95% ClI

1.71-11.14
0.77-0.98
1.00-1.09
NA

Abbreviations: Val= Valine, Met= Methionine, MBI-C= Mild Behavioral Impairment Checklist, SE= Standard Error, OR= Odds Ratio, Cl=

Confidence interval, NA= Not Applicable

2= Multiple logistic regression model, N=126, Nagelkerke pseudo R?= 0.24, Hosmer and Lemeshow goodness-of-fit test p=0.31 (df=8), correct

cases overall percentage= 77.8 %

* p-value was set to <0.01 corrected for multiple tests, Bonferroni correction

Each MBI-C domain score was compared between the two groups using Mann-Whitney U test

(Table 5). The results were similar to the whole cohort analysis, Met carriers had significantly

higher MBI-C total score than the Val group. Also, Met carriers had significantly higher score

for the mood/anxiety domain when compared to the Val group and a trend for higher psychosis

score (Table 4.5).
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3.5

Table 4-5. MBI-C total and domain scores after removing participants with total MBI-C score of 7 and 8.

10 participants were removed, including only one Met carrier with the score of 7 (n=126).

MBI-C scores Val carriers (GG) Met carriers (GA, AA) p-value”
Mean, SD (Min-Max) N=81 N=45

MBI-C total 3.65, + 4.56 (0-20) 7.40, + 8.14 (0-29) 0.03™
Drive/Motivation 1.00, £ 1.72 (0-8) 1.40, + 2.03 (0-8) 0.26
Mood/Anxiety 1.35, +£ 2.21 (0-13) 2.84, + 3.40 (0-12) 0.008™
Impulse Dyscontrol 0.64, + 1.34 (0-8) 1.18, + 2.83 (0-13) 0.87
Social Inappropriateness 0.10, + 0.46 (0-3) 0.44, £ 1.42 (0-7) 0.09
Abnormal 0.57,+1.13 (0-4) 1.53, £ 2.56 (0-11) 0.02
Thoughts/Perception

Abbreviations: Val= Valine, Met= Methionine, MBI-C = Mild Behavioral Impairment Checklist, MoCA= Montreal Cognitive Assessment, SD

=Standard Deviation, Min= Minimum, Max= Maximum
* All the analysis was done by Mann-Whitney U test because the data normality.

** p-value was set to < 0.01 to correct for multiple tests, Bonferroni correction

Discussion

To our knowledge, the present study is the first to explore the association of the BDNF
p.Val66Met SNP and MBI in patients with PD. Patients with at least one Met allele had
significantly higher MBI-C total score and significantly higher scores in the emotional
dysregulation and the abnormal thoughts/perception domains. Furthermore, PD patients with
at least one Met allele had a significantly higher prevalence of MBI than patients in the Val
group using MBI-C as the case ascertainment instrument. Our findings implicate the BDNF
p.Val66Met SNP in the pathogenesis of MBI in PD patients, and suggests this variant as a
genetic risk factor for MBI in PD with a medium effect size (Cohen’s 2= 0.15). These findings
are consistent with the evidence in the AD, which imply that the Met allele can be a risk factor

for incident cognitive decline and dementia in PD [129, 135, 140].
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An increasing body of evidence suggests a link between the development of NPS and
cognitive decline in different types of dementia [130, 141-143]. Studies demonstrating that
BDNF p.Val66Met SNP is found to be associated with both NPS and cognitive impairments
in AD are consistent with a biological understanding of NPS [144-148], and previous evidence
linking BDNF and NPS [57, 135]. The presence of Amyloid-f pathology in PD patients
together with Lewy-body pathology might be a possible explanation of similar NPS profile in
AD and PD patients. However, it should be mentioned that different studies have teased apart

how the psychiatric profile of PD and AD patients are different [149, 150].

Patients who experience NPS in the early stages of PD show an increased risk of cognitive
decline [127, 130], which is consistent with the findings in non-PD dementia [143, 151-155].
A recent study reported that PD patients with a variety of NPS e.g. depression, apathy,
hallucinations, displayed impairments in at least one of the main cognitive domains
(executive-function, language, memory, attention and visuospatial) and in global cognition
[130]. These findings hint at the importance of early diagnosis of sustained NPS as markers
of cognitive decline in PD patients, in order to identify patients at risk of incident cognitive

decline and dementia.

A recent meta-analysis reported an association between the BDNF Met allele and cognitive
impairments in PD for 532 patients and 802 controls (p=0.003). However, the cognitive
impairments were found to be more specific to the Caucasian populations [56]. Several studies
suggested that p.Val66Met SNP might have an association with depression, particularly
geriatric depression [60, 156, 157]. Nonetheless, this association might differ based on a
variety of factors e.g. the origin of the study population, sex and the fundamental issue of

whether depression is chronic, recurrent, or of later life onset as most depression rating scales
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do not differentiate [57, 152]. The association of BDNF Met allele and geriatric depression
was investigated in a meta-analysis including 523 cases and 1,220 controls (age > 60
years)[60]. An association between the Met allele and an increased risk for late-life depression
was reported (p=0.004)[57]. However, one study reported that the Val alleles is associated
with anxiety and depression using the Beck Depression Inventory (BDI) and Beck Anxiety
Inventory (BAI) in 104 PD patients. Nevertheless, their population structure was greatly
different than the one in our study. 17 % of their participants had early onset PD with a positive
family history [62], while in our sample there were only two participants (1.4%) with early
onset PD and all of the participants had a confirmed diagnosis of idiopathic PD. Other reasons
explaining the different results between the Cagni et al., 2013 study and ours are linked to
measurement differences of NPS. The BDI and BAI are self-report measures assessing the
presence of mood and anxiety symptoms over the last 2 and 4 weeks respectively. In contrast,
the MBI-C measures later life emergent and persistent (for at least 6 months) NPS, identified
by a reliable informant. These are quite different approaches to measurement of symptoms,
with the MBI-C developed explicitly to capture later life emergent symptoms that either serve
as risk factors for cognitive decline and dementia, or more likely represent early

manifestations of dementia.

Furthermore, BDNF involvement in depression/anxiety disorders has been confirmed through
measuring peripheral BDNF levels as well [158, 159]. A meta-analysis reported a strong
evidence of an association between depression and a decrease in BDNF levels (p< 6.8 x 10°8)
[158]. These meta-analyses highlight the crucial role of BDNF in depressive disorders and
specifically the impact of p.VVal66Met SNP on geriatric depression. The Met allele exhibits

LTD properties, reduces the neural plasticity, and can also substantially affect the docking of
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BDNF secretory vesicles into the cellular membrane and decrease its release into the synaptic
cleft [132]. The BDNF pro-domain with a Met residue is shown to have an independent
function by induction of LTD, reducing spine density and neuronal plasticity. These molecular
changes are linked to depression and anxiety disorders in both animal models and clinical
studies [132, 160, 161]. These findings are in agreement with our results that PD patients with
at least one Met allele are more susceptible to impairments in the affective/mood dysregulation

and abnormal thoughts/perception domains of MBI-C.

We found a strong association between abnormal thoughts/perception in PD patients and Met
allele in our cohort. Abnormal thoughts/perception represent psychotic symptoms,
specifically hallucinations and delusions, which are associated with impairments in global
cognition [127, 162]. An abrupt visual memory function is suggested as a potential cause of
visual hallucinations. Since BDNF plays a prominent role in the molecular mechanisms of
memory in hippocampus, this indicates a possible role for BDNF in the development of such
NPS[127, 132]. Meta-analytical results of p.Val66Met SNP and psychotic disorders e.g.
schizophrenia are inconclusive at the moment [57, 163]. However, the Met allele was found
to be linked to higher susceptibility to hippocampal volume loss and deteriorated memory
abilities in bipolar patients [164]. These findings are in agreement with our results that PD
patients with at least one Met allele are more susceptible to symptoms in the affective/mood

dysregulation and abnormal thoughts/perception domains.

This study has some limitations that need to be considered. Although the findings of this study
showed a fair level of robustness, the sample size is relatively small. The results of this study

need to be replicated in a larger sample with an age-matched control group.
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Nevertheless, the post-hoc power analysis indicates sufficient power in our cohort to detect
the true effect of BDNF p.Val66Met. A full cognitive assessment of participants would benefit
the exploration of p.Val66Met SNP impact on the aging brain, specifically in PD.
Antidepressant medications was not considered. It has been shown that antidepressant

medications can elevate peripheral BDNF and improve reversible NPS [158].

In conclusion, we observed an association between the BDNF p.Val66Met SNP and
susceptibility for the development of late-life behavioral changes in PD patients. PD patients
with at least one Met allele had a higher likelihood of MBI compared to non-carriers.
Moreover, PD patients with one Met allele had a greater tendency to exhibit mood and anxiety
symptoms as well as psychotic symptoms compared to the Val carriers. These findings
indicate a potential role for the BDNF p.Val66Met SNP in late-life psychiatric impairment,

subsequent cognitive decline and dementia in PD patients.
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4 Chapter Four

In this chapter, we studied the association of two common variants (rs4680 and rs28363170) in the
genes involved in dopamine modulation with NPS in PD patients. We tested the hypothesis that
Met allele carriers of rs4680 and 9-R carries of rs28363170 were more susceptible to behavioral

symptoms specifically to emotional dysregulation (mood and anxiety).
This chapter is reproduced from a manuscript which has been submitted for publication at the time
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4.1 Abstract

Parkinson’s disease (PD) is one of the most common neurological disorders in older adults in
which patients suffer from the loss of dopaminergic neurons. PD patients can display
neuropsychiatric symptoms (NPS) in addition to motor symptoms. The catechol-O-
methyltransferase (COMT) contains the rs4680 polymorphism. The two common alleles of rs4680,
Val and Met, can modify the rate of dopamine degradation. The rs28363170 in Solute Carrier
Family 6 member 3 (SLC6A3) is a variable number of tandem repeat (VNTR) polymorphism, with
two common alleles 9-R and 10-R. These alleles affect the rate of transportation of dopamine. The
mentioned variants were reported in association with NPS and cognitive changes in PD. In this
study, we tested the hypothesis that Met allele carriers and 9-R carries are more susceptible to
NPS, both globally and with respect to symptoms of emotional dysregulation, using the Mild
Behavioral Impairment-Checklist (MBI-C) as the screening tool. 177 PD patients were recruited
and screened for cognitive deficits, and NPS using the Montreal Cognitive Assessment and MBI-
C. No associations were found between either variant and the risk of NPS or emotional
dysregulation in PD patients using a regression model. The current results might indicate a lack of

connection between these variants and the risk of NPS in PD patients.

Keywords: Parkinson’s disease, cognitive impairment, catechol-0-methyltransferase, solute

carrier family 6 member 3, mild behavioral impairment, dopamine transporter
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4.2 Introduction

Parkinson’s disease (PD) is one of the most common neurological disorders in the geriatric
population. PD patients suffer from motor disabilities, but they can also manifest a wide range of
non-motor symptoms including autonomic dysfunction, cognitive and neuropsychiatric symptoms
(NPS) [6, 119, 127, 165]. The substantial loss of dopaminergic neurons in the substantia nigra of
PD patients generates a low dopamine state. Dopaminergic medications are commonly prescribed
to compensate for the reduced dopamine availability in the brain of PD patients [166]. However,
dopamine availability in the brain depends on several biological factors. Two prominent internal
factors are the catechol-O-methyltransferase (COMT) enzyme and the dopamine transporter

protein.

The COMT enzyme is involved in the degradation of catecholamines (e.g. dopamine) in the brain
by addition of a methyl group to them [64]. This enzyme has two common isoforms, Val and Met
isoforms. These two isoforms are results of a single nucleotide polymorphism (SNP) in COMT
known as rs4680 (p.Vall58Met, G>A). The Val isoform has the normal activity level while the
Met isoform displays up to 40% reduced activity in vivo, which can consequently increase the

dopamine availability in the synaptic cleft [66].

The dopamine transporter protein can influence the availability of dopamine through reuptake and
terminates its action in the synaptic cleft [167]. The gene encoding this transporter protein is the
Solute Carrier Family 6 member 3 (SLC6A3). A common variant in a form of variable number of
tandem repeat (VNTR) located in the 3’ untranslated region of this gene affects the activity of this
transporter protein. This VNTR (rs28363170), has two common alleles: 9 and 10 repeats (9-R and
10-R, respectively) [168]. The 10-R allele is associated with higher expression of the SLC6A3

[169]. The rs28363170 was reported to be linked to better cognitive ability in PD patients [73].
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Both rs4680 and rs28363170 are associated with psychiatric disorders such as bipolar disorder,
depression, and attention deficit hyperactivity disorder (ADHD) in the general population [170].
The relationship between these variants and NPS in PD patients has not been investigated. The
rs28363170 has been reported in association with psychosis in PD [171]. Although the association
of rs4680 with cognitive impairment in PD has been reported in several studies, little is known of

its potential association with NPS in PD patients [172-174].

Mild behavioral impairment (MBI) is a validated syndrome that is characterized by the emergence
of persistent NPS in later life which indicate a potential risk of cognitive decline [107]. In some,
MBI can be an early clinical manifestation of neurodegeneration, and preceding cognitive
symptoms [175]. This syndrome contains five major domains of behavioral symptoms: 1) impaired
drive/motivation (apathy); 2) emotional dysregulation (mood and anxiety symptoms); 3) impulse
dyscontrol (agitation, aggression, abnormal reinforcement and reward salience); 4) social
inappropriateness (impaired social cognition); and 5) abnormal thoughts/perception (psychotic
symptoms). Studies have demonstrated an association between MBI and cognitive impairment in

PD and the general population [120, 176, 177].

In this study, we explored the association between the rs4680 and rs28363170 variants and NPS
in PD patients using the Mild Behavioral Impairment-checklist (MBI-C) [107] as the measurement
tool. We hypothesized that PD patients with the Met allele for rs4680 would be more likely to have
MBI as well as symptoms of emotional dysregulation. Similarly, we hypothesized that PD patients
with the 9-R allele for rs28363170 would be more likely to have MBI as well as symptoms of

emotional dysregulation.
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4.3 Methods

4.3.1 Participants
177 PD participants were recruited at the University of Calgary, Calgary, Alberta, Canada as part
of the PD-MCI study. All patients had a diagnosis of idiopathic PD by a neurologist and met the

UK Brain Bank criteria [178]. Participants did not have any other neurological disorders.

The severity of motor symptoms was assessed using the Hoehn & Yahr scale [179] by an
experienced research nurse based on each participant’s medical records and the notes of the
assigned neurologist of the participant. Disease duration, and levodopa equivalency daily dosage
(LEDD) for each patient who had initiated the dopaminergic therapy were calculated by a research
nurse. A list of psychiatric and mono amine oxidase B (MAOB) medications taken by the

participants was also collected.

All participants provided written consent in accordance with the declaration of Helsinki. This study
was approved by the Conjoint Health Research Ethics Board (REB14-2463) at the University of

Calgary, Calgary, AB, Canada.

4.3.2 Genotyping

All participants had a blood draw, and their DNA sample was extracted using an isopropanol-
based method. The rs4680 isoform was genotyped using a TagMan genotyping assay with the ID
of C-25746809-50 on a 1000-Touch Thermal cycler. The reading of TagMan genotyping assay
was performed on an Applied Biosystem Quantstudio Flex 7 Real-Time PCR system (Fisher
Scientific) following the manufacturer’s instructions. The analysis of TagMan genotyping assay

was done using Bio-Rad CFX Maestro software.
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The rs28363170 polymorphism was analyzed using the following forward and reverse primers to

amplify the region surrounding this variant:

F-TGTGGTGTAGGGAACGGCCTGAG

R-CTTCCTGGAGGTCACGGCTCAAGG.

The PCR protocol was 30 seconds at 95°C, 36 cycles of (95°C for 15 seconds, 60°C for 30 seconds,
70°C for 60 seconds), 68°C for 5 minutes and 4°C for hold on a C-1000 Touch Thermal Cycler

(Biorad). The primer sequences and protocol were described previously [180].

4.3.3 Neuropsychiatric and Neuropsychological Assessment

All patients were assessed for NPS using the MBI-C [107], a general psychopathology scale
developed to capture NPS in accordance with the MBI criteria, and which we have implemented
previously in a PD population [120, 176, 181]. The MBI-C is a 34-item questionnaire which
explicitly captures symptoms emerging in later life, persisting for =6 months, and representing a
meaningful change in the participant’s behavior. [tems were scored on severity from 0-3; a cut-off
score of >8 was used to classify a patient as MBI positive [108, 109]. The MBI-C was completed

by a third party in close contact with the participant e.g., close relative, family member.

All participants received a brief cognitive assessment using the Montreal Cognitive Assessment
(MoCA) administered by a psychometrist or a trained study staff [106]. Patients also completed

demographic questionnaires.
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4.3.4 Statistical Analysis

The between group differences for the demographic and clinical measures were tested using either
F-test, student t-test or Kruskal-Wallis test based on the normality of the data. The correlation of
the MBI-C total score with demographic and clinical measures were examined using appropriate
correlation tests according to the normality of the variables. The association of each variant with

MBI likelihood was tested using a multiple logistic regression model.

The relationship of MBI-C total score (dependent variable) and either of the variants was
investigated using ANCOVA. The covariates were selected using the demographic and clinical
measures correlated with MBI-C total score or any variables which were significantly different
between the groups when the participants were divided according to the genotype of the target
variant. The same analysis was performed to study the relationship between these variants and the
emotional dysregulation domain of MBI-C. All statistical analysis were performed using IBM

SPSS Statistics for Mac v. 27 (IBM Corp., Armonk, N.Y., USA).

4.4 Results

4.4.1 Demographics of Participants

The PD participants were divided into three groups based on their genotype for rs4680 (GG, GA
and AA) to compare the effect of genotype on MBI likelihood. The same procedure was repeated
for rs28363170, in which the participants were divided into two groups (10-R/10-R, and 9-R

carriers) because of the low number of homozygous 9-R PD patients.

The demographic and clinical characteristics of PD patients are summarized in Table 5-1. The

outliers were identified by evaluating the following variables in each group per variant; age, years

84



of education, years of disease duration, LEDD and MoCA score. In total, 7 participants were

identified as outliers based on 3 standard deviations distance from the mean of each group for the

controlled variables.

The 170 PD patients had the following genotypes for rs4680: GG = 43, GA = 82 and AA = 40.

Three outliers had GG genotype and the rest of the outliers were heterozygous. The frequency of

the minor allele (A) was 0.48.

Table 5-6. Demographic and clinical measures for PD patients (Nt = 170), when patients were divided based on their rs4680 and

rs28363170 genotypes.

Demographic /
Clinical measures
Mean, SD, (Min-Mix)
Age

Education

Sex (Female %)
Disease Duration

LEDD

H&Y

Stage |
Stage 11
Stage 111
Stage IV

Handedness
Right-handed
Left-handed
Ambidextrous

MoCA

MAOB
(on %)
Psychiatric
medications
%)

Family history of
PD (positive%) ™
Exercise (hours
per week) ™

inhibitors

(on

COMT (rs4680)

GG

(N=41)

70.19,+ 8.19(47 -
82)

14.46, + 2.65 (9 -
20)

39.0 %

6.01, + 3.97 (1.78
—15.50)

833.0,4 329.4 (300
- 1862)

7.3%
78.0 %
9.8 %
4.9 %

92.7 %
49%
2.4 %

25.51, + 3.39 (15 -
30)
9.8%

3L.7%

17.1

5.51, + 3.24, (0 -
14)

GA

(N=89)

67.90, + 8.40 (42
86)

15.29, + 2.56 (9 -
21)

449 %

5.53, + 4.03 (0.69
—17.25)

721.3, 4 374.6 (0 -
1800)

5.6 %
82.0%
10.1 %
22%

84.3%
9.0%
6.7 %

25.62, + 3.76 (14 -
31)
27.0%

37.1%

14.6%

6.12, + 4.15, (0 -
20)

AA

(N=40)

66.87, + 9.39 (46 -
88)

13.95, + 2.52 (8 -
20)

25.0 %

7.11, + 5.63 (0.75
~23.17)

985.4, + 503.7
(225 - 2075)

10.0 %
67.5%
22.5%
0%

95.0 %
2.5%
2.5%

25.50, + 3.63 (19 -
30)
27.5%

55%

15.0%

5.06, + 4.33, (0 -
15)

sig*
0.20
0.02"

0.10°
0.46°

0.003*

0.30°

0.39°

0.94¢

0.07°

0.07°

0.99
0.37

SLC6A3 (rs28363170)

10/10
(N=)

69.50, + 8.05 (47 -

88)

15.11, + 2.61 (9 -

21)
32.6 %

6.20, +4.88(0.72 -

23.17)

765.8, + 376.9 (0 -

2075)

7.6 %
76.1 %
13.0 %
3.3%

88.0 %
8.7%
3.3%

25.14, + 3.60 (14 -

31)
25.5%

41.3%

15.2%

531, +£3.72,0 -

17)

10/9 & 9/9 (N=)

66.71, + 9.08 (42 -
86)

14.38, + 2.61 (8 -
20)

46.2 %

6.13, + 4.26 (0.69
~19.58)

8738, + 457.8
(200 - 1995)

6.4 %
79.5%
12.8 %
1.3%

89.7 %
3.8%
6.4 %

26.06, + 3.62 (14 -
30)
20.5%

38.5%

15.4%

6.18, + 4.48, (0-
20)

Abbreviations: Min = Minimum, Max = Maximum, LEDD = Levodopa Equivalency Daily Dosage, H and Y = Hoehn & Yahr, MoCA = Montreal Cognitive
Assessment, MAOB inhibitor = Monoamine Oxidase B inhibitor, COMT = Catechol-O-Methyltransferase, SLC6A3 = Solute Carrier family 6 member3

a F-test

b Fisher-test

¢ Kruskal-Wallis test
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sig*
0.04d
0.07¢

0.08°
0.78¢

0.09¢

0.84°

0.30°

0.02"

0.58°

0.76°

0.89
0.17¢



d t-test

e Mann-Whitney U test

* significance set to < 0.05

** data was unavailable for 28 participants due to unknown family history or missing data

*** data was not available for 10 participants due to missing data

The distribution of rs28363170 alleles were as follows; 10-R/10-R = 92, 10-R/9-R = 67, 9-R/9-R
= 11. Three outlier had 10-R/10-R genotype and the other 4 outliers were heterozygous. The

frequency of the minor allele (9-R) was 0.26.

The demographic characteristics of the participants were evaluated based on their rs4680 groups.
Years of education and LEDD were significantly different between the three groups (p = 0.02, and
p =0.003, respectively). A trend was found for the MAOB inhibitor and the psychiatric medications

between the three groups (p = 0.07, p = 0.07, respectively).

The demographic characteristics of the participants were also evaluated based on their rs28363170
groups. It was observed that age was significantly different between the two groups (p = 0.04). A

trend was observed for years of education between the two groups (p=0.07).

The MoCA score was significantly different between the two groups p = 0.02, with 10-R/10-R PD

patients having a lower average MoCA score compared to 9-R carriers.

The demographic and clinical measures for this cohort are detailed in Table 5-1.

4.4.2 Association of p.VVall158Met with MBI
The association of p.Vall58Met with MBI likelihood was explored including age, years of

education, LEDD, MoCA score, and the MAOB inhibitor in the multiple logistic regression model.
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The covariates were selected based on the demonstration of a difference between the three groups
or a significant correlation with the MBI-C total score. MoCA score was negatively correlated
with the MBI-C total score (R?> = 0.04, p = 0.01). The MAOB inhibitor use was positively

associated with the MBI-C total score (Pearson chi-square = 38.91, p = 0.02, respectively).

Table 5-7. Association of rs4680 in COMT gene with MBI likelihood using multiple logistic regression. The following variables
were included as covariates: age, education, LEDD, MoCA, and MAOB inhibitors.

Covariate Estimate SE Wald’s  p-value® OR 95% ClI
chi
square
COMT rs4680 - - 3.08 0.21
AA > GG 0.98 0.56 3.08 0.08 2.66 0.89-7.92
GA > GG 0.60 0.51 1.39 0.24 1.83 0.67 —4.99
GA > AA -0.37 0.45 0.69 0.41 0.69 0.28 —1.67
Constant 3.27 2.62 1.56 0.21 NA NA

Abbreviations; COMT= Catechol-O-Methyltransferase, S.E.= Square root error, OR=0dds ratio, 95% Cl= 95% Confidence Interval
Nagelkerke R? = 0.14, Hosmer and Lemeshow test = 4.51, df = 8, p = 0.81, the correct overall percentage = 74.7

* the significance level was set to <0.05

The p.Vall58Met was not associated with MBI likelihood, Wald = 3.08 (df = 2), p = 0.21. The
pair-wise comparisons of the three groups did not reveal any associations between MBI-C
likelihood and any of the groups (Table 4-2). The frequency of MBI positive patients in the three

groups was the following: AA = 37.5%, GA = 27.0%, and GG = 17.0% (Figure 5-1 A).

The association of rs4680 and MBI-C total score was tested using ANCOVA with age, years of
education, LEDD, MoCA score and MAOB inhibitor as covariates. No association was observed

between this variant and MBI-C total; F (2, 169) = 0.66, p = 0.52.
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Figure 5-6. Schematic view of MBI likelihood in PD patients when the cohort was divided based on the rs4680 and
rs28363170 genotypes.

A) Column chart of participants divided into 3 groups according to rs4680 genotype. Met/Met carriers have the highest
ratio of MBI patients compared to the other groups (AA = 37.5% versus GA = 27.0% and GG = 17.0%, respectively).
B) Column chart of participants divided into 2 groups according to rs28363170 genotype. PD patients with 10-R/10-R
genotype had higher rate of MBI compared to 9-R carriers but did not reach significance (32.6 % 10-R/10-R
homozygous versus 20.5 % for 9-R carriers).

The relationship between this variant and the emotional dysregulation domain of MBI-C was
explored and no association was found (F (2,169) = 0.64, p = 0.53). Details for this analysis can

be found in Table 5-3.
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The analysis was repeated using COMT genotype to divide the participants into two groups (GG
vs GA+AA and AA vs GG+GA). The same procedure as described above was performed to check

whether this SNP has any association with MBI risk.

Table 5-8. The results of association analysis between rs4680 in COMT gene and MBI-C total score, and MBI-C emotional
dysregulation domain scores. The following variables were included as covariates: age, education, LEDD, MoCA, and MAOB
inhibitors.

Covariate MBI-C total score MBI-C emotional
dysregulation domain score

Mean p-value* Mean p-value*
Difference Difference

COMT rs4680 NA 0.52 NA 0.53

AA > GG 1.59 0.25 0.73 0.26

GA > GG 0.85 0.47 0.41 0.46

GA > AA -0.70 0.56 -0.32 0.58

Abbreviations; COMT = Catechol-O-Methyltransferase, MBI-C = Mild Behavioral Impairment Checklist

* The significance level was set to <0.05

No significant association was found between rs4680 and the risk of MBI for either of these
analyses, Wald ce+Ga versus aa = 1.83 (df = 1), p = 0.18, and Wald 66 versus ca+aa = 2.37 (df = 1), p

= 0.12. No significant differences were found for either of these two grouping (Table S5-1).

4.4.3 Association of rs28363170 with MBI

The association of rs28363170 with MBI likelihood was tested using multiple logistic regression
with age, MoCA score, and MAOB inhibitor use as covariates. MoCA and MAOB inhibitor use
displayed an association with MBI-C total score as mentioned before. The rs28363170 VNTR did

not show an association with MBI likelihood, Wald = 2.04, df = 1, p = 0.15.

The frequency of MBI positive patients in 9-R group was 20.5 %, versus 32.6 % for homozygous

10-R group (Figure 5-1.B).
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The association of this variant with MBI-C total score was examined using ANCOVA with age,
MoCA score and MAOB inhibitor use as covariates. No association was found between this variant
and the MBI-C total score F (1, 169) = 0.05, p = 0.82. A lack of association was observed for this
variant and the total score of the emotional dysregulation domain of MBI-C, F (1, 169) = 0.04, p

= 0.85 (Table 5-4).

Table 5-9. The results of association analysis between rs28363170 and MBI-C total score, and MBI-C emotional dysregulation
domain scores. The following variables were included as covariates: age, MoCA, and MAOB inhibitors.

Covariate MBI-C total score MBI-C emotional
dysregulation domain score
Mean p-value* Mean p-value*
Difference Difference
SLC6A3 rs28363170 0.44 0.82 0.17 0.85

Abbreviations; SLC6A3 = Solute Carrier Family 6 member 3, MBI-C = Mild Behavioral Impairment Checklist

* The significance level was set to <0.05

45 Discussion

In this study, we investigated whether two common variants involved in dopamine availability
were linked to NPS in PD patients. We did not find any associations for either the Met allele of
rs4680 or the 9-R allele of rs28363170 with either global NPS burden (i.e., MBI) or symptoms of
emotional dysregulation. To the best of our knowledge, this is the first study to investigate the
relationships between these two common variants involved in dopamine availability in frontal

regions and the risk of NPS in PD patients using the MBI-C.

The rs4680 variant has a prominent role in dopamine availability and is reported in association
with various psychiatric disorders in the general population e.g., schizophrenia, ADHD, aggressive
behavior and depression [63, 65, 182]. A well-known model for the effect of this genetic variant

on mood was proposed by Goldman et. al [183].
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They suggested that its effect could be described through the warrior/worrier model in addictive
disorders. They observed that substance abusers with the Val allele were susceptible to dyscontrol
or impulsivity. On the other hand, the Met allele was observed in higher frequencies in substance
abusers who suffered from anxiety disorders [183]. This model proposed a better anxiety resilience
for the Val carriers versus better overall cognition in the Met carriers [183]. The substitution of
valine residue with methionine affects the enzymatic activity considerably [64]. The Goldman
model seems to be in agreement with the impact of this variant on the enzymatic activity of the
COMT enzyme. In vivo studies revealed that the Met allele can decrease the enzymatic activity up
to 40 % [66]. Several studies reported the effect of rs4680 in PD patients, and these findings were

in agreement with the Goldman model [172-174].

It has been proposed that rs4680 might have a dual effect on cognition in PD patients [34]. It has
been suggested the Met allele might benefit PD patients at the more advanced stages of the disease.
The inverted U-shape model proposed by Williams-Gray et al. described the effect of this variant
with more advantages for the Val carriers at the early stages of the disease when the dopamine
availability is not too scarce. But as the disease progresses the higher activity of COMT enzyme
in Val/Val carriers diminishes the dopamine level in the frontal regions to a higher degree
compared to the Met carriers. This could hinder the dopamine dependent activity of the frontal
regions in the Val/Val carriers to a higher extent compared to non-carriers [34]. To date there is
no evidence suggesting the same effect proposed by the Williams-Gray model or the Goldman

model for this variant regarding NPS.

The possible link between this variant and behavioral aspects of PD was not addressed in these
studies. A meta-analysis in the general population reported a pleiotropic effect for this variant

regarding the cognitive and emotional paradigms processing.
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According to this meta-analysis, the Met carriers demonstrated better cognitive abilities while the

Val carriers displayed better emotional processing abilities [184].

Considering the potential effect of the disease duration on the effect of COMT in PD patients, the
lack of association in the current study might be due to heterogeneity of patients regarding the
disease stage. The disease duration for PD patients in this cohort was between 6 to 7 years on
average but the range was from less than one year to more than 23 years. Also, the Hoehn & Yahr
stage of participants varied from stage 1 to 4 (23 % versus 10%, respectively). The difference in
Hoehn and Yahr stage can be a potential source of heterogeneity in this cohort [185]. Furthermore,
considering the inverted U-shape effect of this enzyme on the dopamine availability in the brain,

the broad range of disease stages in this cohort might explain the negative results in this study.

No association was observed between the rs28363170 polymorphism and the risk of NPS in PD
patients in this cohort. The 10-R allele of rs28363170 is linked to an increased expression of
SLC6A3 [169]. This variant was reported in association of cognitive decline and NPS in PD
patients [73, 74, 171]. However, there are contradictory results from different studies which
reported a lack of association between this variant and cognitive impairments in PD. Also, studies
reported a lack of a relationship between this variant and impulsive/compulsive disorders,

depression, and psychosis in PD patients [186-189].

PD patients who suffer from NPS are at greater risk of cognitive decline [6, 110, 119, 120]. We
have previously shown that PD patients with MBI demonstrate cognitive impairments in attention,
memory, executive-function and visuo-spatial abilities [120]. Moreover, it was shown that PD
patients with depression display a similar pattern of cortical atrophy as PD patients with cognitive
decline over time [110, 119]. A functional MRI (fMRI) study showed that PD patients with the 9-

R allele displayed a diminished neural activity, similar to PD patients with cognitive impairment.
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Based on the findings discussed above, a potential link between rs28363170 and the risk of
behavioral symptoms in PD patients could be suggested [73]. Nevertheless, the current findings
do not indicate any associations between this variant and the likelihood of having MBI in PD

patients.

It should be mentioned that 10-R/10-R patients had lower MoCA scores compared to 9-R carriers
in this study. This result was unlike the previous findings reporting that 9-R carriers were at higher
risk of cognitive decline [73]. The difference in MoCA score of 10-R homozygous patients might
be attributed to the significant age difference between the two groups of rs28363170 in this study.
Although MoCA score is corrected for age and education the 10-R/10-R group had a significantly

higher average age compared to 9-R carriers.

The lack of association of rs28363170 with MBI in this study, might be explained by the Williams-
Gray et al. model. According to this model the genes which are involved in dopamine modulation
do not propel irreversible cognitive impairments. These cognitive impairments are associated with
temporal, parietal and more posterior regions of the brain and are linked to higher risk of dementia
in PD [35]. In other words, cognitive impairments that are associated with anomalies in the frontal
region (fronto-striatal dopamine) were not found to be linked to the onset of dementia in PD
patients [35]. This could suggest that despite the evidence of an association between the 9-R allele
and cognitive impairments in PD patients, this relationship might not indicate further risks

regarding NPS, more severe cognitive impairments and dementia [35, 73].

This study had several important limitations which need to be addressed. This study had a
relatively small sample size for an association analysis. It would be useful to include an age and
sex matched control group to compare the possible effects of these variants between PD and

controls.
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It should be mentioned that these variants might have different mechanisms for their association
in the psychiatric disorders versus the neurodegenerative diseases. It needs to be mentioned that
these negative results do not rule out the possibility of undetected NPS that were below the
syndromic threshold of MBI. A comprehensive cognitive assessment along with MBI data might
assist elucidating the relationship of these variants with cognition and behavior in PD in more
detail. Also, given the potential inverted U-shape effect of COMT, it might be helpful to recruit
the participants with similar disease duration and at the similar Hoehn &Yahr stages to have a

more uniform cohort.

In conclusion, we did not observe any association between either rs4680 or rs28363170, and the
likelihood of MBI in this cohort. We did not find any associations between the above-mentioned
variants and the emotional dysregulation in PD patients. These findings might indicate that these

variants are not involved in the disruption of neural circuits in charge of NPS in PD.
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Table S5-1 The results of association analysis between rs4680 in COMT and MBI-C total, and MBI-C emotional dysregulation
domain scores when the COMT genotype was used to divide the participants into two groups.

The following variables were included as covariates: age, education, LEDD, MoCA, and MAOB inhibitors.

Covariate MBI-C total score MBI-C emotional
dysregulation domain score

Mean p-value* Mean p-value*
Difference Difference

COMT GG versus -1.29 0.32 -0.54 0.32

GA+AA

COMT GG+GA versus -1.8 0.36 -0.85 0.39

AA

Abbreviations; COMT = Catechol-O-Methyltransferase, MBI-C = Mild Behavioral Impairment Checklist

*The significance level was set to <0.05
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Part two: Genetic Association and Cognitive Impairment in
Idiopathic PD
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5 Chapter Five

In this chapter we aimed to predict cognition Z-scores in iPD patients through machine learning
using a combination of genetic, demographic, clinical measures, and structural neuroimaging. In
the second step, we used post-hoc analysis to investigate the effect of the most novel selected
feature of the machine learning analysis and explored its association with different cognitive

domains.
This chapter is reproduced from a paper published in Scientific Reports:

Ramezani M*, Mouches P, Yoon EJ*, Rajashekar D*, Ruskey JA, Leveille E, Martens K, Kibreab
M, Hammer T%*, Kathol I*, Maarouf N*, Sarna J, Martino D, Pfeffer G, Gan-Or Z, Forkert ND
M,onchi O. (2021) Investigating the relationship between the SNCA gene and cognitive abilities

in idiopathic Parkinson’s disease using machine learning. Scientific Reports. 11(1): 4917.

Investigating the relationship between the SNCA gene and cognitive

abilities in idiopathic Parkinson’s disease using machine learning

Mehrafarin Ramezani'?, Pauline Mouches>3#4, Eunjin Yoon'?, Deepthi Rajashekar?34, Jennifer
A. Ruskey®5, Etienne LeveilleS, Kristina Martens?, Mekale Kibreab®2?, Tracy Hammer®?, Iris
Kathol*?, Nadia Maarouf!2, Justyna Sarna®?, Davide Martino'?, Gerald Pfeffer?’, Ziv Gan-

Or>%8 Nils D. Forkert'2#, Oury Monchit246*
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5.1 Abstract

Cognitive impairments are prevalent in Parkinson’s disease (PD), but the underlying mechanisms
of their development are unknown. In this study, we aimed to predict global cognition (GC) in PD
with machine learning (ML) using structural neuroimaging, genetics and clinical and demographic
characteristics. As a post-hoc analysis, we aimed to explore the connection between novel selected
features and GC more precisely and to investigate whether this relationship is specific to GC or is
driven by specific cognitive domains. 101 idiopathic PD patients had a cognitive assessment,
structural MRI and blood draw. ML was performed on 102 input features including demographics,
cortical thickness and subcortical measures, and several genetic variants (APOE, MAPT, SNCA,
etc.). Using the combination of RRELIEFF and Support Vector Regression, 11 features were found
to be predictive of GC including sex, rs894280, Edinburgh Handedness Inventory, UPDRS-III,
education, five cortical thickness measures (R-parahippocampal, L-entorhinal, R-rostral anterior
cingulate, L-middle temporal, and R-transverse temporal), and R-caudate volume. The rs894280
of SNCA gene was selected as the most novel finding of ML. Post-hoc analysis revealed a robust
association between rs894280 and greater GC, attention, and visuospatial abilities. This variant

indicates a potential role for the SNCA gene in cognitive impairments of idiopathic PD.

Keywords: Parkinson, cognition, machine learning, SNCA, mild cognitive impairment,

dementia
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5.2 Introduction

Parkinson’s disease (PD) is traditionally associated with motor symptoms. Non-motor deficits
have received less attention but are also quite common and can even precede motor symptoms. PD
patients can display a wide range of cognitive deficits of various intensity from Mild Cognitive
Impairment (MCI: neuropsychological deficits that do not interfere with daily life activities) to
dementia [190]. PD patients with cognitive deficits are more likely to develop Parkinson’s disease
dementia (PDD) as the disease progresses, compared to patients without such deficits [14]. To
address the high prevalence and the inevitable negative impact of cognitive deficits, the Movement
Disorders Society (MDS) prepared a task force to assist identification of MCI in PD patients [10,
15]. Nevertheless, the underlying mechanisms of PD-MCI development are still obscure and
further investigation is required to unravel its nature. At the cellular level, PD is characterized by
presence of Lewy Body (LB) deposits in the substantia nigra [191]. LB mainly consists of alpha-
synuclein [192], a protein that is encoded by the SNCA gene [193]. SNCA is a prominent potential
genetic marker in PD due to its involvement in familial PD through point mutations or gene dosage
effect [29, 86, 194]. SNCA is also implicated in a class of disorders called synucleinopathies, which
have LB pathology in common, e.g. PD (with or without dementia), dementia with LB (DLB),
Multiple System Atrophy (MSA), idiopathic REM Behavioral Disorder (RBD). PDD and DLB
share numerous similarities contributing to the challenge of distinguishing them from each other
[88, 195]. The substantial involvement of SNCA in PDD and DLB pathology through LB and the
similarity of the symptomatology, such as the presence of dementia in these two diseases, indicate
a potential role for the SNCA gene in cognitive decline of idiopathic PD patients and necessitates
further investigation. In recent years, several variants of SNCA have been discovered in connection

with cognitive impairments or dementia in PD [88, 94]. Exploring possible genetic variants
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associated with cognitive impairments in PD could improve the understanding of the primary
biological mechanisms of PD-MCI and identification of patients at risk of cognitive decline.
However, given the complexity of PD, further investigation is required to unravel the true
involvement of the known and novel genetic variants linked to cognitive deficits in PD using

advanced techniques [196].

In addition to genetic risk factors, structural neuroimaging has been used in PD participants to
identify image-based biomarkers of cognitive decline [113, 197-200]. A growing body of evidence
supports the use of structural neuroimaging as a biomarker for PD-MCI identification. One
example is thinning of frontal and temporal cortices, which has been associated with cognitive
decline in PD [197, 200, 201]. Also, corticometric and volumetric analyses have shown a reduced

volume in frontal and limbic regions in PD-MCI compared to PD-nonMCI patients[113, 119, 202].

In this study, we aimed to predict global cognition in PD participants using a machine learning
approach including genetic, structural neuroimaging, clinical, and demographic data as input. In a
second step, using post-hoc analyses, we aimed to identify the relationship between the most novel
genetic features and the cognitive profile of PD patients in more depth. Furthermore, we aimed to
investigate whether this relationship is specific to global cognition or driven by specific cognitive

domains including executive function, attention, visuospatial abilities, memory, and language.
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5.3 Results

5.3.1 Participants

The demographic and clinical characteristics of 101 PD participants included in this study are
summarized in Table 6.3. The mean age of participants was 70 years with a mean disease duration
of 6 years. Thirty-two precents of the participants were female (n=32). Ninety participants were
right-handed (89%), six participants were left-handed (6%), and the remaining five participants
were identified as ambidextrous (5%). The majority of the participants were of European descent

(849%).

Table 5-1. The demographic and clinical characteristics.

Demographic/clinical characteristics Mean, SD (Min, Max)
Age (years) 70, + 7.3 (53, 84)
Education (years) 14.4,+2.9 (8, 21)
Disease Duration (years) 5.7,£4.0 (1, 18)
LEDD (mg/d) 869.0, + 457.6 (200, 2650)
UPDRS-III 19.46, £ 9.41 (4, 53)
EHI 68.9, £ 41.6 (-100, 100)
Sex (female %) 32%
Ethnicity

European Descent 84%

Others 10%

NA 6%
Global cognition Z-score -0.27,£0.6 (-2, 1)
Attention Z-score -0.24,£0.6 (-1, 1)
Executive function -0.43,+£0.8(-3,1)
Language -0.13,+0.8 (-2, 1)
Memory -0.15,£0.8 (-2, 1)
Visuo-spatial -0.43,+£0.9(-3,1)

Abbreviations; LEDD= Levodopa Equivalency Daily dosage, UPDRS-III= Unified Parkinson’s disease Rating Scale part 111, EHI= Edinburg Handedness

Inventory, NA= Not available
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5.3.2 Machine Learning Analysis

The global cognition scores were predicted using the 102 features employing the machine learning
framework including feature ranking and a support vector regression model. The best model
performance predicting global cognition was achieved when including the 11 top-ranked features
(Table 6.4). This resulted in a correlation coefficient of 0.54 and mean absolute error of 0.39. The
selected features were (in order of descending importance): sex, rs894280, EHI, UPDRS-III,
education, five measures of cortical thickness (right parahippocampal cortex, left entorhinal
cortex, right rostral anterior cingulate cortex, left middle temporal cortex, and right transverse

temporal cortex), and right caudate volume.

Table 5-2. Machine learning analysis results.

Features are presented in the right column based on their importance in the machine learning model. The features are presented in
a descending order (the most important to the least important).

Cognitive Correlation Coefficient,  Features

domain R?

Global cognition  0.54, 0.29 Sex
rs894280
EHI score
UPDRS-III
Education

R parahippocampal-thickness

L entorhinal-thickness

R rostralanteriorcingulate-thickness
L middletemporal-thickness

R transeversetemporal-thickness

R caudate-volume

Abbreviations: UPDRS-III= Unified Parkinson’s disease Rating Scale part III, EHI= Edinburgh Handedness Inventory
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The high-ranked demographic features were further analyzed individually using Pearson
correlation or chi-square test. Correlation analysis of sex and EHI score with global cognition were
found to be non-significant (y%= (1, n=101) 75.59 p=0.46 and R?=0.005, p=0.50, respectively).
Also, UPDRS-III and years of education exhibited significant correlation with global cognition.
The UPDRS-II1 score had a negative correlation while years of education had a positive correlation
with global cognition (R?= - 0.26, p < 0.001 and R?= 0.07, p= 0.007, respectively). The structural
measures were tested for correlation with global cognition and two measures showed significant
correlation with global cognition: R rostral-anterior cingulate-thickness, and L middle temporal-

thickness (R?= 0.08, p=0.004, R?=0.04, p=0.03, respectively)

5.3.3 Association of the SNCA Variant rs894280 and Global Cognition
Based on the machine learning results, post-hoc analyses were performed to study the association

of the alleles of the novel variant rs894280 with global cognition and specific cognitive domains.

Out of 101 participants, 33 had CC genotype, 48 had CT genotype, and 20 had TT genotype. Based
on the preliminary analysis of this SNP, participants with the T allele were pooled in one group,
resulting in dividing the participants in two allelic groups [203]. The demographic and clinical

characteristics were not significantly different between the two allelic groups (Table 6.5).

This variant showed a significant association with global cognition when controlling for UPDRS-
I11, education, R rostral-anterior cingulate and L middle temporal thickness measures (F (5,95) =
12.17, p<0.001, R?= 0.35). Based on the ANCOVA results, global cognition was significantly

different between the CC and CT/TT groups, F (5,95) = 4.20, p=0.04.
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Table 5-3. Demographic and clinical characteristics of the two groups of rs894280 variant.

Demographic/clinical CC CT/TT Significance
characteristics n=33 n=68
Mean, SD, (Min, Max)
Age (years) 71.5,+7.3 69.2,+ 7.3 0.142
Education (years) 14.6,+ 3.2 14.3,+£2.3 0.662
Disease Duration (years) 5.6,+4.2 57,£4.0 0.56°
LEDD (mg/d) 767.7, + 300.9 918.2, +511.7 0.31°
UPDRS-III 18.14, +7.82 20.10, £ 10.09 0.44°
EHI 69, £ 40 69, £ 40 0.83°
Sex (female%o) 33% 31% 0.82°
Ethnicity 0.67¢

European descent  88% 82%

Others 9% 10%

NA 3% 7%

Abbreviations; SD= Standard Deviation, LEDD= Levodopa Equivalency Daily dosage, UPDRS-III= Unified Parkinson’s disease Rating Scale part III,
EHI= Edinburgh Handedness Inventory, NA= Not available

@ student-t test
b Mann-Whitney U test
¢ Fisher exact test

4 Chi-square test

According to ANCOVA analysis, each participant’s Z-score of global cognition increased by 0.25
(95% CI= 0.01- 0.42) when the participant had CC genotype (i.e. reference sequence) for
rs894280. The calculated Hedges’ effect size for rs894280 is 0.4, which represents a medium effect

size based on 95% ClI.

Association analysis of rs894280 and each cognitive domain was performed using ANCOVA
including any demographic/clinical factor with a significant correlation with the domain of interest
as covariates. UPDRS-I11, education, R rostral-anterior cingulate and L middle temporal thickness

measures were included for all domains, except for the visuo-spatial domain for which the EHI
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score was also added to the model (R?=0.05, p=0.02). Significance level was set to 0.01 using

Bonferroni correction to correct for multiple tests.

A significant association was found between rs894280 and the attention domain score (B= -0.34,
p=0.003) with the CC group displaying better attention abilities. Moreover, this variant showed an
association with the visuo-spatial domain score (B=-0.51, p=0.005). Similar to results from global
cognition and attention, PD patients with CC genotype had better visuo-spatial abilities compared
to the other group (CT/TT). The results of association analysis are summarized in Table 6.6. A
trend was observed for the memory domain (p=0.02) while executive function and language did
not show any association with this variant. PD participants homozygous for C allele of rs894280
displayed superior attention and visuo-spatial abilities compared to participants who had one or

more T alleles.

Table 5-4. Results of ANCOVA analysis of rs894280, and global cognition and the five cognitive domains.

Cognitive domain CcC CT/TT C195% rsg94280 Significance
Mean, SD, (Min-Max) N=33 N=68

Global cognition 0,05, (-1, 1) -0.4,%£0.6, (-2, 1) 0.006 — 0.422 0.04"
Attention 0,05, (-1, 1) -0.4,£0.6, (-1, 1) 0.12 - 0.56° 0.003™
Executive function -0.3,£0.7, (-2, 1) -0.5+0.9,(-3,1) -0.10 — 0.552 0.19
Language 0,+0.7,(-1, 1) -0.2,£0.8,(-2, 1) -0.16 — 0.442 0.36
Memory 0.2,£0.7,(-1,1) -0.3,£0.8,(-2, 1) 0.07 - 0.70? 0.02
Visuo-spatial -0.1,£0.6, (-2, 1) -0.6,+1,(-3,1) 0.16 - 0.87° 0.005™

SD= Standard Deviation, Cl 95%= 95% confidence intervals

aUPDRS-II1, Education, R rostral-anterior cingulate and L middle temporal thickness measures were entered in the model

b UPDRS-111, Education, R rostral-anterior cingulate and L middle temporal thickness measures and EHI score were entered in the model
* significance level was set to 0.05

*

™ significance level was set to 0.01, Bonferroni correction
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5.4 Discussion

In this study, we used machine learning to predict global cognition in PD patients and post-hoc
analysis to investigate the SNCA rs894280 variant as a feature associated with cognitive deficits
in PD. Using the RRELIEFF feature selection algorithm and SVR, eleven features were selected
as the best predictor of global cognition Z-score in this cohort; sex, rs894280, EHI, UPDRS-III,
education, five measures of cortical thickness (right parahippocampal cortex, left entorhinal
cortex, right rostral anterior cingulate cortex, left middle temporal cortex, and right transverse
temporal cortex), and right caudate volume. The selection of features indicate that these variables
are informative for prediction of the global cognition score but the direction for each single feature
cannot be easily determined based on the machine learning model. Consistent with the machine
learning results, which revealed rs894280 as the only genetic factor informative for PD cognition
prediction, further analysis was performed on the association of this variant and global cognition.
The results suggest that this variant is associated with differences in global cognition, as well as

attention and visuo-spatial domains in our cohort, with a medium effect size (Hedges’ g = 0.4).

The RRELIEFF approach was used to remove redundant and non-informative features and to
select the optimal subset of features. This feature selection method has been used for optimal
selection of genetic features in previous studies [204-207]. The SVR was implemented to build
the model based on the selected features in order to evade the collinearity issue of the features.
The SVR model has been used previously to model PD diagnosis and progression [208, 209] but
the current combination used in this study has not been applied before specifically in investigation

of cognitive deficits in PD with similar set of inputs.
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Except for rs894280, all other features used in the optimal regression model have been reported in
different studies to be associated with cognitive decline in PD patients. There is a substantial body
of evidence on the role of sex in cognitive decline in PD, with male patients showing greater risk
of cognitive impairments [35, 210, 211]. However, it also needs to be mentioned that several other
studies reported no evidence of the impact of sex in cognitive decline in PD [15, 21]. The reason
for these conflicting results remains speculative but could be related to the sample size. EHI is a
well-known screening tool to determine handedness [212]. The correlation between the dominant
hand and the side of motor symptoms onset has been suggested by several studies [213-215]. This

relationship might extend to the cognitive impairments in PD as some studies suggest [216, 217].

The severity of motor symptoms has been suggested to be one of the strongest risk factors for
cognitive deficits in idiopathic PD [15, 18, 218, 219]. UPDRS-III is one of the most widely used
screening tools for the severity of motor symptoms in PD and can accurately and efficiently note
the presence and progression of those symptoms [220]. In line with the findings of this study, other
studies have also found evidence for a connection between the severity of motor symptoms and
emergence of cognitive decline [221, 222]. The number of years of education was also found to
be predictive of global cognition in our cohort. Similarly, a large body of evidence reported a
negative correlation between higher education level and the likelihood of cognitive impairments
in PD patients [15, 21, 35]. It has been suggested that education has a role in preserving the

cognitive reserve in PD patients at risk of cognitive decline [22].

The structural biomarkers of cognitive decline in PD have been investigated extensively using
different techniques [21, 223, 224]. The right parahippocampal gyrus, the top anatomical feature
identified in this study, has been reported as one of the main brain regions showing significant

Dopamine receptor (D2) binding reduction in PD patients [225].
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Another machine learning study reported the parahippocampal region as a top feature showing the
highest correlation with the motor score in PD [226]. Similarly, this region was also identified as
one of the top features in Alzheimer’s disease (AD). These findings suggest a more general
function of the parahippocampal region in neurodegenerative diseases given its prominent role in
memory [227]. The entorhinal cortex was previously reported as one of the main brain regions
allowing a fine distinction between PD-MCI and PD-nonMCI patients [228]. The right entorhinal
volume was observed to be positively correlated with memory abilities in early drug-naive PD-
MCI patients [228]. Additionally, cortical thinning of the entorhinal region was found to correlate
significantly with memory impairments in PD patients [229]. The anterior cingulate cortex is
another ROI associated with cognitive impairment in PD. A large body of evidence indicates a
link between PD-MCI cognitive status and the anterior cingulate [165, 225, 230, 231]. These
findings are in accordance with the results of the present study and indicate a potential relationship
between this region and cognition in PD. The last anatomical feature predictive of global cognition
was the right caudate volume. The caudate nucleus is one of the chief regions in PD pathology and
extensive loss of neurons in this nucleus was reported in association with cognitive impairment

and dementia in PD [73, 232-234].

We used a combination of known genetic risk factors (H1 MAPT, €4 APOE, COMT p.Vall58Met,
DAT1 VNTR, BDNF p.Val66Met) and novel genetic variants to predict the global cognition in this
cohort [35, 73, 88]. The rs894280 was selected as the novel finding for the post-hoc analysis
because of its importance in the machine learning model. Ranked as the second top feature, this
variant could present a meaningful role in prediction of global cognition in this cohort. This finding
was in contrast with the known genetic risk factors included in this study which were not selected

by the machine learning model. This variant is an intronic polymorphism located on the 5’ region
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of SNCA gene and was initially reported in association with dementia with Lewy bodies (DLB)
[235]. The role of SNCA gene mutations in familial PD has been known for decades. However,
new data suggest a role for this gene in cognitive deficits and dementia in idiopathic PD [88][94,
174, 236]. A recent study indicated association between several SNCA variants and worse
performance in Mini Mental state examination (MMSE) in PD patients[174]. Similar association
was reported on the association of several SNCA variants and PDD[88]. A microsatellite (Repl) is
located on the 3’ region of the SNCA gene and has two common alleles (short repeat and long
repeat). The long repeat allele of Repl seems to increase SNCA transcription and was reported
linked to lower MMSE scores in PD patients[236]. On the other hand, the 5’ region of the SNCA
gene was considered as a haplotype specific for DLB and not PD. This evidence was further
supported by another study investigating the SNCA role in both DLB and PD [88]. Both PDD and
DLB are classified as synucleinopathies and share substantial similarities in symptoms and
pathology, to the point that the exact differentiation of these two disorders clinically and
pathologically are still a matter of debate [93]. The rs894280 has been reported in association with

both DLB and PDD and this might suggest a more general role for this variant in LB pathology.

Furthermore, rs894280 is in linkage disequilibrium (LD) with rs1348224 with comparable odds
ratio (D’=1.0, R?=1.0). The rs1348224 variant was previously reported in association with PDD,
surviving multiple testing in a sample of 1492 PD patients [88]. Moreover, a strong correlation
was reported between rs894280 and the Hopkins Verbal Learning Test-Revised (HVLT-R) total
recall in PD patients (p=6.1 x 10 ), and it displayed the strongest relationship with cognitive
abilities out of 39 SNCA variants included in the study. However, this association did not survive
after correction for multiple comparisons. This could indicate a role for rs894280 in PD cognitive

abilities, especially in the memory domain [237]. A Brazilian study found cognitive impairments
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in PD patients carrying T allele of rs2583988 of SNCA. The rs2583988 is in a strong LD with
rs894280 (D’=1.0, R?=0.40 in European descendent populations), which further indicates a

possible role for rs894280 in cognitive decline of PD patients [94].

Deficits in the attention, visuo-spatial, and memory domains are frequently reported in PD-MCI
patients [10, 238, 239]. Association of rs894280 with impairments in these domains in idiopathic
PD patients may indicate a role for this variant in the development of such deficits. Specifically,
this SNP might be connected to visuo-spatial abilities given that attention measures used in this
study have a prominent visuo-spatial component. Studies have shown that attention measures with
a visual component can tap on to visuo-spatial abilities [240]. Out of three attention measures used
in this study, two of them; Trail A and Symbol Span have the required component to engage both
visuo-spatial and attention suggesting a potential role for this SNP in connection to visuo-spatial

abilities.

We did not observe any association between executive function and language domains and
rs894280 in our cohort. A possible explanation for this could be that executive function
impairments involve the frontal-striatal areas while most of the cognitive deficits identified in this
study are focused in more medial temporal lobe and posterior cortical regions [35]. Although
deficits in the language domain are reported in association with dementia in PD [35], this SNP did

not show any link to language abilities in this cohort.

This study had some limitations that should be mentioned. We used a machine learning approach
in this study in an effort to capture the underlying complex patterns of the various input features
and focused on the most unique and relevant features for further investigation. These findings are

preliminary and need replication in larger cohorts.
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The present cohort size was small for a genetic analysis, but our results displayed a fair level of
robustness, in a cohort that is extensively phenotyped and well-characterized. These results need
to be replicated in a larger cohort with higher number of genetic variants to avoid missing effect
of other potential risk variants before a definite conclusion can be inferred on this specific variant

and cognitive impairment in PD.

In conclusion, using machine learning, we found that rs894280 in SNCA was one of the top features
predictive of cognition in PD patients. Further analysis in the same cohort revealed association of
this variant (CC genotype) with attention and visuo-spatial abilities in PD patients with a trend in
the same direction for memory abilities. These results indicate a potential involvement of SNCA

variant rs894280 in the cognitive deficits and even dementia in idiopathic PD patients.

5.5 Methods

5.5.1 Participants

101 PD patients at Hoehn and Yahr stages I1-111 were recruited. All patients had a confirmed
diagnosis of idiopathic PD by a movement disorder clinic neurologist, meeting the UK brain bank
criteria for idiopathic PD. All participants were responsive to dopaminergic medications and took
their usual dosage of medications during all study visits. None of the participants were asked to
modify their medications for this study. Exclusion criteria were: 1) any neurological disorder other
than PD, 2) alcohol dependency, 3) history or presence of a severe psychiatric disorder, and 4)
cerebrovascular disorders. The severity of motor symptoms was assessed by a trained professional

using the motor section of the Unified Parkinson’s Disease Rating Scale (UPDRS-III).
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Levodopa Equivalency Daily Dosage (LEDD) and disease duration of all participants were

calculated by a research nurse.

All participants provided written informed consent according to the declaration of Helsinki and
the study was approved by the Conjoint Health Research Ethics Board (REB14-2463) at the
University of Calgary, AB, Canada. All methods were carried out in accordance with the relevant

guidelines and regulations.

5.5.2 Genotyping

A blood sample was collected from each participant and DNA was extracted using an isopropanol-
based protocol. DNA samples were screened for several Single Nucleotide Polymorphisms (SNP)
using TagMan genotyping assays on a C-1000 Touch Thermal Cycler. The list of all SNPs and
TagMan assays investigated in this study are shown in Table 6.1. TagMan assay reading was done
using Applied Biosystem Quantstudio Flex 7 Real-Time PCR system (Fisher Scientific) according
to the manufacturer’s instructions. TagMan (assays) results were analyzed using Bio-Rad CFX
Maestro software. The 40 bp Variable Tandem Repeats (VNTR) located on the 3’ region of Solute
Carrier 6 family 3 (SLC6A3) was amplified using PCR (30 seconds at 95°C , 36 cycles of (95°C
for 15 seconds, 60°C for 30 seconds, 70°C for 60 seconds), 68°C for 5 minutes and 4°C for hold )
on a C-1000 Touch Thermal Cycler (Biorad), using the primers and protocol described previously
[180]. PCR products were mixed with loading dye and loaded on 2% agarose gel containing gelstar
and run at 120 V for 30 minutes followed by 60 minutes at 100 V. A 100 bp DNA ladder (Biohelix,
DM 001-R500F, FroggaBio) was loaded on each gel to determine the molecular size of PCR

products. The length of PCR products was captured using the Chemidoc Imaging System (Biorad).
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Table 5-5. The list of the TagMan genotyping assays and the primers used for genotyping.

Gene Variant TagMan genotyping Assay
SNCA rs7689942 C-28994912-10
rs894280 C-8933128-10
APOE rs7412 C-904973-10
rs429358 C-3084793-20
COMT rs4680 C-25746809-50
MAPT rs393152 C-2265265-10
BDNF rs6265 C-11592758_10

SLC6A3* VNTRO9/1I0R F-TGTGGTGTAGGGAACGGCCTGAG
R-CTTCCTGGAGGTCACGGCTCAAGG

*SLC6A3 VNTR was genotyped using custom made primers. For details, please refer to methods.

5.5.3 Neuropsychological Assessment

All participants completed a comprehensive cognitive assessment. The cognitive battery applied
in this study consists of tests and measures covering five cognitive domains: executive function,
memory, attention, visuo-spatial, and language. The full list of cognitive tests is shown in Table
6.2. All tests were scored by a trained psychometrist. The cognitive tests were first scored using
the test makers manual, which details specific parameters to evaluate an examinee's performance.
The total raw score is then converted to a standardized score by comparing the examinee's score
to other healthy controls matched for age. All neuropsychological tests that were corrected for age,

and most were corrected for years of education, and sex.

The measures corresponding to the same cognitive domain were averaged to obtain the average Z-
score for each of the cognitive domains. The global cognition Z-score was calculated by averaging
all cognitive domains’ Z-scores. The Edinburgh Handedness Inventory (EHI) was administered to

the participants and scored to identify each participant’s dominant hand.
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Table 5-6. The neuropsychiatric battery.

Cognitive domain Cognitive test/measure
Attention Trail A
Wechsler Memory Scale (WMS) symbol span
Digit-span Forward
Executive function Hayling 2
Brixton
Trail B
Stroop Colour/Word
Clock drawing command

Language Animals
Actions
Boston Naming test (BNT)
Memory Rey Complex Figure Test (RCFT) delay recall

Hopkins Verbal Learning Test (HVLT) Retention
HVLT Recognition
Logical memory delayed recall
Visuo-spatial RCFT copy
Hooper Visual Organizational Test

5.5.4 MRI Acquisition

Each participant had an MRI scan within two weeks of the neuropsychological assessment using
the GE Discovery 750 3T MRI at the Seaman Family Imaging Centre at the University of Calgary,
Calgary, Alberta, Canada. A high-resolution T1-weighted 3D inversion recovery prepared fast
spoiled gradient recalled (IR-FSPGR) sequence was acquired for each participant (repetition time
= 7.176 ms, echo time = 2.252 ms, flip angle = 10°, acquisition matrix = 256x256, voxel size =

1x1x1 mm3, 172 slices).

5.5.5 Cortical Thickness and Subcortical Volume
Freesurfer (http://surfer.nmr.mgh.harvard.edu/; version 6.0.0) was used to perform cortical
thickness and subcortical volumetric analyses. The analysis was performed following the

procedure detailed in prior publications [115, 116, 241]. Cortical segmentation was performed
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automatically and upon visual inspection, appropriate manual adjustments were made. The manual
editing was carefully performed in accordance with the Freesurfer manual in several steps
(https://surfer.nmr.mgh.harvard.edu/fswiki/Edits). The errors resulting from imperfect intensity
normalization were corrected by inserting control points and where appropriate, extraneous tissue
were removed from the brain volumes (wm.mgz and brainmask.mgz). A total of 29 segmentation
results were manually edited. Cortical thickness was computed for 68 Regions-of-Interest (ROISs)
using the Deskian-Killiany brain atlas in Freesurfer [121]. Furthermore, the mean cortical

thickness was calculated for each hemisphere.

Subcortical volumetric measures were computed from eight regions per hemisphere including
caudate nucleus, putamen, pallidum, nucleus accumbens, hippocampus, amygdala, thalamus, and
ventral diencephalon, plus the brain stem. All subcortical volumetric measures were corrected for

the intracranial volume.

5.5.6 Machine Learning

The input features used for machine learning were sex, age, EHI score, years of education, years
of disease duration, LEDD, UPDRS-III, rs6265, rs7689942, rs894280, rs7412, rs393152,
rs429358, rs4680, and SLC6A3 VNTR. Furthermore, the following imaging measures were
included: cortical thickness measures (68 ROIs), subcortical volumetric measures adjusted for the
intracranial volume (17 ROIs), and 2 measures of global thickness. In total, 102 measures were
available per participant for the machine learning analysis to predict the outcome variable, the

global cognition Z-score.
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The machine learning analysis consisted of two main steps: (1) feature ranking and selection, and
(2) regression analysis. The feature ranking was employed to rank the 102 features (8 genetic, 87
neuroimaging, 3 clinical, and 4 demographic) based on their contribution to the outcome variable
and to select the most efficient combination of features that can predict the outcome variable of
the regression problem. Reducing the number of features is essential for improving model
performance by eliminating features that are redundant and non-informative. In this study, the
RRELIEFF feature selection algorithm was used for this purpose [242]. In the next step, the
machine learning regression modelling was performed based on the ranked features using a
Support Vector Regression (SVR) model with a polynomial kernel. The SVR is, in principle, very
similar to the support vector machine classification models with slight differences for the adaption
to a regression style problem [123]. More precisely, an SVR model is built based on only a subset
of training data within the predefined margins that minimize the generalization error. Therefore,
the data is first transformed into a higher dimensional space employing the polynomial kernel,
thereby allowing linear models to fit the training data. The SVR model was used in this study for
regression modeling as it is less likely to overfit the data compared to other models, i.e. SVR is a

model with adequate generalization capabilities and good prediction accuracy.

The least informative feature was iteratively removed from the set of ranked features until only
two features were left for model training to identify the optimal subset of features. The model
performance was evaluated for each iteration using the root mean squared error comparing the
predicted with true observations. Finally, the model with the optimal feature subset was further
evaluated using additional metrics including the coefficient of determination (R?) and the
correlation value. The coefficient of determination quantifies the amount of variance in the

outcome variable that is explained by the selected features in the model. A nested leave-one-out
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method of the cross-validation was employed through the feature selection and regression in which
the number of model validation was set to N where N is equal to the number of participants in the
sample. At each validation test, one participant is used to test the model while N-1 participants
were used to train the model. All metrics reported for machine learning were attained by averaging
the metrics of these N models. This method was used to overcome the small sample size and to

prevent double-dipping.

5.5.7 Statistical Analysis
Statistical analyses of continuous variables were performed using either a student-t test or Mann-
Whitney U test based on the data normality. The Fisher exact test was used for categorical

variables.

The post-hoc statistical analysis was designed in compliance with the machine learning results.
Pearson correlation test was used to select independent factors correlated with the target feature.
ANCOVA was used to explore the allelic group differences in the rs894280 variant of the SCNA
gene with regards to global cognition. Demographic and clinical factors that were significantly
correlated with a cognitive domain score of (attention, language, etc.) were included as covariates
in the ANCOVA to control for them. A value of p <0.05 was considered significant for the single
tests, and Bonferroni correction was used to correct for multiple testing. The chi-square test was
used to explore association of rs894280 with other genetic variants available in this cohort. All
statistical tests were performed using IBM Corp. Released 2019. IBM SPSS Statistics for

Mcintosh, Version 26.0. Armonk, NY: IBM Corp.
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6 Chapter Six
In this chapter, we aimed to test the hypothesis whether rs894280 in SNCA was associated with
longitudinal cognitive changes in PD patients. Also, we hypothesized that this variant was

associated with NPS in PD patients cross-sectionally and longitudinally.
This chapter is reproduced from a manuscript that has been submitted to Parkinson’s Disease

Journal under the same title.
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6.1 Abstract
BACKGROUND: Neuropsychiatric symptoms (NPS) and cognitive impairments are common
non-motor symptoms of Parkinson’s disease (PD). The SNCA is implicated in familial PD and

dementia in idiopathic PD (iPD). A single nucleotide polymorphism (SNP) in 5’untranslated

region (UTR) of SNCA (rs894280) demonstrated an association with cognition in iPD.

OBJECTIVE: We hypothesized that rs894280 is associated with cognitive impairments and NPS

in iPD patients both cross-sectionally and longitudinally.

METHODS: To test this hypothesis, 285 participants with available data for genetic, demographic,
NPS and cognitive measures from the Parkinson’s Progression Marker Initiative (PPMI) were

selected. The participants had data at baseline and 5-year follow-up.

RESULTS: The rs894280 was associated with cognitive status at baseline and the change of
cognitive status of iPD patients in a five-year follow-up when controlling for age, sex, education,
ethnicity, unified UPDRS-II1 and LEDD. CT-carriers were twice more likely to develop MCI after

5 years compared to non-carries. No association was found between rs894280 and NPS.

CONCLUSIONS: These findings suggest a role for rs894280 or SNCA 5’ UTR in the cognitive

changes of iPD patients longitudinally.

Keywords: Parkinson’s disease, cognitive impairments, SNCA, Neuropsychiatric

symptoms, PPMI

124



6.2 Introduction

Parkinson’s disease (PD) is a common neurological disorder in senior adults. PD patients suffer
from a broad range of non-motor symptoms e.g., autonomic dysfunction, cognitive and/or
neuropsychiatric symptoms (NPS). These non-motor symptoms have a negative impact on the
quality of life of both PD patients and their family/caregiver causing social, emotional and
economic issues [12, 14]. It needs to be noted that PD patients with advanced cognitive
impairments have increased susceptibility to dementia and even mortality [11, 14]. The non-motor
symptoms sometimes precede the onset of motor symptoms of PD and their early detection
provides clinicians with valuable time to slow down or prevent the onset of more advanced

symptoms [6].

PD patients demonstrate a high prevalence of cognitive impairments in different cognitive domains
(attention, executive-function, language, memory, and visuospatial function) and in their overall
cognitive profile compared to healthy controls [6, 113, 119, 232]. Moreover, PD patients are highly
susceptible to suffer from a range of NPS e.g., depression, anxiety, and apathy etc. [6, 110, 120,

127].

The Synuclein Alpha gene (SNCA) was the first gene discovered in the familial forms of PD [86,
87]. Individuals with certain SNCA mutations or who carry multiple copies of this gene develop a
familial form of PD, accompanied with early age at onset compared to non-carriers [29, 86, 87]. It
should be noted that PD patients with familial forms of the disease caused by SNCA usually suffer

from moderate to severe cognitive impairments [243].
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Other evidence for the involvement of SNCA in PD was the discovery of alpha-synuclein protein
as the building block of Lewy bodies, the main pathologic inclusion body in PD [4]. Additionally,
several SNCA variants were reported in association with dementia in idiopathic PD (iPD) [88].
Recently we reported an association between rs894280 in SNCA, and impairment in overall
cognitive performance, attention, and visuo-spatial domains in iPD patients [244]. These findings

highlight the importance of this gene in relation to cognitive changes in iPD patients [244].

In this study we tested two hypotheses using data from the PPMI dataset [245]. We hypothesized
that rs894280 is associated with cognitive decline and NPS in PD, both cross-sectionally and

longitudinally.

6.3 Methods

6.3.1 Participants Data

The data used in this study were obtained from the PPMI dataset at www.ppmi-info.org. PPMI is

a multicenter comprehensive and longitudinal research study that aims to identify early markers
of PD. This study has several major and minor funding agencies including Michael J. Fox
foundation, Abbvie, Allergan, Amathus Therapeutics, Avid Radiopharmaceudicals, Bial Biotech,
Biogen, BioLengend, Bristol-Myers Squibb, Calico, Celgene, Denali Therapeutics,4D pharma plc,
GE Healthcare, Genentech, GlaxoSmithKline, Golub Capital, Handl Therapeutics, Insitro, Janssen
Neuroscience, Lilly, Lundbeck, Merck, Meso Scale Discovery, Neurocrine Biosciences, Pfizer,
Piramal Imaging, Prevail Therapeutics, Roche, Sanofi Genzyme, Servier, Takeda, Teva, UCB,

Verily, and Voyager [102, 245, 246].
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The data for the study were downloaded from the PPMI website using curated available data (last
updated on the April 2020). All the participants identifiers were removed in the PPMI dataset. A
subset of data including 285 PD patients was selected for the analysis based on the availability of
the data in two time points, at baseline and five-year follow-up (Ts). The participants were included
for the analysis based on the following criteria. They should not have any other neurological
disorders other than PD. They need to have an available neuropsychological evaluation with a
determined Mild Cognitive Impairment Status (MCl-status). Finally, the selected participants

should have available genetic data to be included in the analysis.

The demographics of the participants (age, sex, years of education, family history of PD and
ethnicity) and their clinical measures (Unified Parkinson’s disease rating scale-part 111 (UPDRS-
I11) score, Hoehn & Yahr stage, levodopa daily dosage equivalency (LEDD)) were collected for

the analysis.

Each PPMI recruiting center received written consent form from all the participants in accordance
with the declaration of Helsinki. Each center also received ethics approval from their local ethics
board. For further details on participants’ recruitment, please visit the PPMI website at www.ppmi-
info.org/data, additional information can be found in the reference article [245]. For up-to-date

information about the PPMI study please visit the PPMI website at www.ppmi-info.org. This study

was approved by the Conjoint Health Research Ethics Board (REB14-2463) at the University of

Calgary.
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6.3.2 Neuropsychological and Neuropsychiatric Assessment

All participants recruited in the PPMI study underwent a thorough neuropsychiatric and
neuropsychological assessment at each time point. The neuropsychological and neuropsychiatric
tests/questionnaires used for the screening are shown in Table 1. The participant’s performance
for each test was scored according to the instructions. The MCI status was determined from the
neuropsychological assessment. The participants who scored at least 1.5 standard deviations below
the standardized mean in at least two cognitive tests were classified as MCI. For further details

please refer to PPMI data manual available on the PPMI website.

The neuropsychiatric assessment was done at the same time point as the neuropsychological
evaluation. The participants were screened for depression, impulsive/compulsive disorders, and
anxiety (Table 7-1). All the neuropsychiatric questionnaires were scored according to the
instructions. Depression was screened using the Geriatric Depression Scale (GDS) in which a score
of > 5 were indicated as depressed. Impulsive/compulsive impairments were assessed using
Questionnaire for Impulsive/Compulsive disorders (QUIP-Short). This questionnaire collected
data on the following behaviors: buying, eating, gambling, hobbies, punding, sex, and
walking/driving. If one or more behaviors received a positive answer, the PD patient was
considered to have an impulsive/compulsive disorder. Anxiety was assessed using the Trait score
of State-Trait Anxiety Inventory questionnaire. The Trait section of this questionnaire contains
questions on the general feeling of anxiety [247]. All the tests were scored by the PPMI team

according to the guidelines.
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Table 7-7. The list of neuropsychological and neuropsychiatric tests/measures extracted from the PPMI dataset for use in the analysis.

Type of assessment Name of the test/measure

Neuropsychological Semantic Fluency (Animal, Vegetables, Fruits)

Letter Number Sequencing

Hopkins Verbal Learning Test (HVLT)

Benton Judgment of Line Orientation (JOLO)

Symbol Digit Modalities

Montreal Cognitive Assessment (MoCA)

Neuropsychiatric Geriatric Depression Scale (GDS)

State-Trait Anxiety Inventory

Questionnaire for Impulsive-Compulsive disorders (QUIP-short)

6.3.3 Genetic data

The genetic analysis was performed using DNA samples extracted from the whole blood for each
participant. The DNA samples were used to obtain genetic data of more than 93% of each
participant’s genome using >340 x103® probes for exome sequencing. The genetic data were
collected using the Ilumina Nextera Rapid Capture Expanded Exome Kit (llumina, Inc., San
Diego, California, USA). Samples were divided into groups of 12 and sequenced on an Ilumina
HiSeq 2500 sequencing platform (llumina, Inc., San Diego, California, USA). The sequencing was
performed using 2x100 bp paired-end read cycles. The pair-end reads were aligned to UCSC hg19

as the human genome reference.

The Genome Analysis Tool Kit (GATK) was used to check the quality for reads per each
participant’s Binary Alignment/Map (BAM) file. GATK haplotype caller was utilized to generate

variant calling and genotype frequencies for each participant. The Cohort’s combined genotyping
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was generated from each participant’s Variant Call Format (VCF) file using the GATK tools:

Combine GVCF and Genotype GVCFs.

The quality control measures were performed using variant call rate, heterozygosity rate, etc. using
the PLINK toolset. This information was obtained from the PPMI website where further details

can be found [102].

The SNCA SNP, rs894280 was accessed from the whole exome VCF file corresponding to
chromosome 4 from the genetic data repository of PPMI [102]. The VCF was filtered with the
bcftools software (version 1.9, http://samtools.github.io/bcftools/beftools.html) using the view
command for the target SNP (rs894280), by providing the appropriate genetic position at

chr4:89839732.

The command used for data filter using VCF files is: “beftools view -r -.vcf.gz”

6.3.4 Missing Data

Some of the participants had missing values for Hoehn & Yahr stage and UPDRS-III score. To
resolve this issue the Last Observation Carried Forward method was used [248]. The missing
values of Hoehn & Yahr scores, were replaced by the scores chronologically closest to the missing
value. The Hoehn & Yahr scores were measured in PPMI in both off and on modes. In total 15
participants had missing values for Ts Hoehn & Yahr scores. The same procedure was performed
for missing UPDRS-I111 scores for the on mode (n= 13, all from the Ts). Only one person had

missing QUIP data for Ts, the missing value was replaced by the data from Ta.
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6.3.5 Statistical Analysis
The demographic and clinical measures were statistically analyzed between the three possible
rs894280 genotypes using ANOVA, or Kruskal-Wallis tests based on the data’s normality.

Categorical measures were analyzed with Fisher test.

Longitudinal analysis was performed with General Estimating Equations (GEE), using the binary
logistic model. The MCl-status was the binary dependent variable (DV) in the logistic model and
rs894280 genotypes were the main independent categorical variables (IV). The same procedure
was performed for neuropsychiatric measures except for the STAI test which had total score
available. To analyze the STAI-trait data, GEE used a linear regression model, using STAI score

as the DV and rs894280 groups as the main IV.

The cross-sectional analyses for baseline and Ts were done using binary logistic regression with
MCl-status as the DV and the rs894280 genotypes as the IV. The same procedure was performed
for neuropsychiatric measures for cross-sectional analysis except for the STAI-trait test, which
was analyzed using a linear regression model, with STAI as the DV and rs894280 groups as the

main 1V.

6.4 Results

6.4.1 Participants

The demographic and the clinical characteristics of iPD participants for this study are summarized
in Table 2. Based on the analysis, the participants had an average age of 60.7 years, and an average
MoCA score of 27. The participants had an average disease duration of 6.6 years at baseline, and

94 % of them were at stage | or Il of Hoehn and Yahr at the baseline visit (Table 7-2).
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Table 7-8. The demographic and clinical characteristics of PD participants at baseline.

Demographic and Clinical characteristics

Mean, SD, (Min - Max)

Age at baseline

60.72, + 9.75, (34 — 85)

Education (years)

15.62, + 2.93, (5 — 26)

<13 years 16%
13-23 years 83%
>23 years 0.7%
Sex (Female%o) 66 %

Disease Duration (years)

6.60, + 6.63, (0.7 — 35.8)

European Decent

African American
South East Asian

Others

UPDRS-III 19.87, + 8.43 (4 - 47)
Hoehn and Yahr score (%)

Stage | 50.2%

Stage 11 49.1%

Stage 111 0.7%
MoCA 27.21, + 2.26, (17 — 30)
Ethnicity

93.3%
1.4%
1.1%
42%

Abbreviations: SD = standard deviation, Min = Minimum, Max = Maximum, UPDRS-IIT = Unified Parkinson’s Disease Rating

Scale part-111, MoCA = Montreal Cognitive Assessment

The demographic and clinical measures for each group are summarized in Table 7-3. The

participants had the following genotype frequencies: CC=64, CT=147, TT=74.
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Table 7-9. The demographic and clinical measures for each rs894280 genotype group.

Demographic and
Clinical characteristics

CcC
N= 64
Mean, SD (Min - Max)

CT
N= 147
Mean, SD (Min - Max)

TT
N=74
Mean, SD (Min - Max)

Age at baseline

62.3, + 8.4 (45.2— 75.2)

60.6, + 9.9 (33.5 — 81.8)

59.4, +10.3 (33.7 — 84.9)

Education (years)

15.8, + 3.5 (5 — 3424)

15.7, +2.6 (5 22)

15.6, + 3.1 (8 — 26)

<13 years 20.3% 12.2% 20.3%

13-23 years 78.1% 87.8% 78.4%

>23 years 1.6% NA 1.4%
Sex (Female%o) 70 % 63.9 % 67.6%

Disease Duration (years)

6.8, 6.2 (1.0 — 31.9)

6.4, +6.7 (0.9- 35.8)

6.9, +6.8 (0.7 — 29.8)

UPDRS-III

19.6, + 7.5 (6 — 41)

19.3, + 7.7 (4 — 40)

21.2, +10.4 (6 — 47)

Hoehn & Yahr score (%0)

European Decent

African American
South East Asian

Others

95.3%
NA
NA
4.7%

95.2%
1.4%
0.7%
2.7%

Stage | 51.6% 51.7% 45.9%

Stage 11 48.4% 46.9% 54.1%

Stage 111 NA 1.4% NA
MoCA 27.3,+ 2.5 (20 - 30) 27.2,+2.2 (17 - 30) 27.3,+ 2.3 (21 - 30)
Ethnicity

87.8%
2.7%
2.7%
6.8%

Abbreviations: SD = standard deviations, Min = Minimum, Max = Maximum, UPDRS-III = Unified Parkinson’s Disease Rating

Scale part-111, MoCA = Montreal Cognitive Assessment

The allele frequencies were C=0.48 and T=0.52. No deviations from the Hardy-Weinberg were

detected for these alleles.

6.4.2 Association of rs894280 with Cognitive Status in iPD Patients

The percentage of iPD patients with MCI diagnosis based on the neuropsychological assessment

is summarized in Table 7-4.
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Table 7-10. PD-MCI percentage per genetic group at each time point.

Time point cC CT TT
N =64 N =147 N=74
MCI % Baseline | 23.4% 8.2% 20.3 %
MCI % Ts 18.8 % (-4.6 %) 14.3 % (6.1 %) 23.0% (2.7%)

The CC group had higher percentage of MCI patients compared to the CT and TT groups at
baseline. However, the CC carriers showed a negative MCI progression rate after five years of
follow-up, with some of the CC-MCI patients reverting back to normal cognition after five years.
The CT group had the lowest percentage of MCI patients at the baseline and demonstrated the

highest MCI progression rate compared to the CC and TT groups after the five-year follow-up.

It was found that rs894280 was associated with MCI status of PD patients over the 5-year follow-
up (Fig. 7-1). This association held when controlling for age, sex, years of education, ethnicity,
UPDRS-111 score, and LEDD (Wald Chi-square = 6.42 (df = 2), significance = 0.04). The ¢ effect
size measure showed a medium effect size (¢ = 0.4) for the longitudinal association of rs894280

and MCI status change of PD patients in the PPMI dataset.
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Figure 7-3. The change in cognitive status of PD patients based on their rs894280 genotype over five-year follow-up
in PPMI dataset (N = 285).

The CC-carriers showed a significant increase for conversion to MCI longitudinally (Wald chi-square = 6.42 (df = 2),
significance = 0.04) when controlling for the age, sex, years of education, ethnicity, UPDRS-III score and LEDD.
The ¢ effect size measure showed a medium effect size of 0.4 for the longitudinal association of rs894280 and the
MCI conversion of PD patients in PPMI dataset. The error bars represent 95% confidence interval (Cl).

Post-hoc analysis did not find any significant differences between the three groups when
controlling for age, sex, years of education, ethnicity, UPDRS-III score, and LEDD. However, the
PD patients with CT genotype demonstrated a trend for higher likelihood of becoming MCI than
the CC and TT groups. The significance did not survive the Bonferroni correction for either of the
pairwise comparisons (p = 0.03, p = 0.04, respectively). The PD patients in the CT group were
almost twice as likely to develop MCI compared to the other two groups after the five-year follow-
up. The PD patients with CT genotype had greater likelihood of becoming MCI compared to the
CC and TT groups with odds ratio of 2.04 and 1.94, respectively (Table 7-5). No differences were

identified between the CC and TT groups longitudinally (Table 7-5).
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Table 7-11. Longitudinal association of rs894280 with cognitive status in PPMI dataset over 5 years. The following covariates
were controlled in the GEE analysis; age, sex, years of education, ethnicity, UPDRS-I1I score and LEDD.

Group Beta Wald x? Wald y?-95% CI sig.”™ Exp(B) Exp (B)-95% ClI

intercept  0.83 0.39 -1.8-3.42 0.53 - -

CC>TT -0.09 0.06 -0.82 - 0.64 0.81 1.09 0.53-2.27
CT>CC 0.75 4.81 0.08 —1.42 0.03 | 2.05 1.08 -4.31
CT>TT 0.66 4.06 0.02-1.30 0.04 194 1.02 - 3.68

Abbreviations: sig = significance, Exp (B) = Exponential Beta, CI = confidence interval
Association of rs894280 with MCl-status in PPMI dataset in general; Wald chi-square test= 6.42 (df = 2), significance= 0.04*

** significance level was set to 0.02 for pair-wise comparisons, Bonferroni correction

The cross-sectional association analysis demonstrated that rs894280 was linked to the MCI- status
of PD patients at baseline (Wald chi-square test = 7.58, (df = 2) significance = 0.02), when
controlling for age, sex, years of education, ethnicity, UPDRS-I1II score and LEDD (Table 7-6).
The effect size for this association demonstrated the same medium effect size with (¢ = 0.4) as the

longitudinal analysis.

Table 7-12. Association of rs894280 with cognitive status of PD patient in PPMI dataset at baseline. The following covariates
were controlled in the binary logistic regression analysis; age, sex, years of education, ethnicity, UPDRS-1I1 score and LEDD

Group Beta  Wald chi-square sig. Exp(B) Exp (B) - 95% CI

intercept  -0.61  0.12 073 - -

CC>TT 037  0.69 041  0.69 0.29 — 1.66
CT>CC  -1.18 7.22 1 0.007™ 0.31 0.13-0.73
CT>TT  -0.81 3.34 0.07 0.5 0.19 — 1.06

Abbreviations: sig = significance, Exp (B) = Exponential Beta, CI = confidence interval

Association of rs894280 with MCI-status in PPMI dataset at baseline in general; Wald chi-square test (2)7.58 significance=0.02*, Nagelkerke R? = 0.17,

Hosmer and Lemeshow test goodness of fit-test p = 0.43 (df = 8), correct cases overall percentage = 86.0%

** significance level was set to 0.02 for pair-wise comparisons, Bonferroni correction
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PD patients with the CT genotype showed a lower likelihood of being MCI when compared to the
CC group (Wald chi-square = 7.22, df = 2, significance = 0.007) at the baseline. The PD patients
with CT genotype did not show any statistical differences when they were compared to the TT

group (Wald chi-square = 3.33, df = 2, significance = 0.07) (Fig. 7-2).

Cognitive
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Figure 7-4. The cognitive status of PD patients based on their rs894280 genotype at baseline.

This variant demonstrated an association with the cognitive status of PD patients at baseline (Wald chi-square test =7.58, (df
= 2), significance = 0.02). The PD patients with CT genotype showed lower likelihood of being MCI when compared to the
CC group (Wald chi-square = 7.22, (df=2), p = 0.007). The effect size for this association demonstrated a medium effect size
with (= 0.4). The error bars represent 95% confidence interval (Cl).

The rs894280 was not linked to MCI- status of PD patients at Ts, (Wald chi-square = 7.26 (df =

2), significance = 0.32; Table 7-7).

137



Table 7-13. Association of rs894280 with cognitive status of PD patient in PPMI dataset at T5 (five years follow-up). age, sex,
years of education, ethnicity, UPDRS-III score and LEDD.

Group Beta  Wald chi-square sig.” Exp(B) Exp (B) - 95% CI

intercept  -2.58 231 0.13 - -

CC>TT -0.12  0.07 0.79 1.13 0.37-2.17
CT>CC -0.43  1.06 0.30 0.65 0.28 -1.48
CT>TT -0.55 | 2.00 0.16 0.58 0.27-1.24

Abbreviations: sig= significance, Exp (B)= Exponential Beta, Cl= confidence interval

Association of rs894280 with MClI-status in PPMI dataset at Ts in general; Wald chi-square test (2)2.28 significance=0.32, Nagelkerke R? = 0.16, Hosmer

and Lemeshow test goodness of fit-test p=0.10 (df=8), correct cases overall percentage = 83.2%

* significance level was set to 0.02 for pair-wise comparisons, Bonferroni correction

6.4.3 Association of rs894280 with NPS in iPD Patients

The longitudinal analysis of rs894280 with NPS (depression, impulsive/compulsive, and anxiety)
demonstrated no relationship between them over the five-year follow-up (Table 7-8). No
association was found between this variant and the risk of developing depression or anxiety over
five years (Wald chi-square test = 0.82, (df = 2), significance = 0.66, Wald chi-square test = 0.89

(df = 2), significance = 0.64, respectively).

No association was found between this variant and the risk of developing impulsive/compulsive
disorders in this cohort after five-year follow-up (Wald chi-square test = 0.23, (df = 2), significance

= 0.89).
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Table 7-14. Results of association analysis of rs894280 and GDS, QUIP and STAI tests over 5 years follow-up. The following
covariates were included in the analysis age, sex, years of education, ethnicity, UPDRS-II1 score and LEDD.

Test Group Beta  Wald chi-square sig.” Exp(B) Exp (B) - 95%
Cl

intercept | 2.02 2.33 0.13 - -

GDS® | CC>TT |-0.26 |0.40 0.53 0.77 0.35-1.72
CT>CC -0.04 | 0.02 0.89 0.96 0.50-1.83
CT>TT |-0.30 |0.81 0.37 0.74 0.38-1.43
intercept | -0.24 | 0.07 0.80 - -

QUIP® | CC>TT |-0.13 |0.19 0.66 0.88 0.49 - 1.58
CT>CC | 0.02 0.008 0.93 0.98 0.61-1.72
CT>TT |-0.11 |0.16 0.69 0.90 0.53-1.52
intercept | 39.23 | 60.25 <0.001 | - -

STAI- |CC>TT |-1.12 |0.53 0.47 NA NA

trait® CT>CC | 1.02 0.70 0.40 NA NA
CT>TT |-0.09 0.005 0.94 NA NA

Abbreviations: sig = significance, Exp (B) = Exponential Beta, Cl = confidence interval, NA = Not Applicable, GDS = Geriatric Depression Scale, QUIP

= Questionnaire of Impulsive/Compulsive disorders, STAI = State-Trait Anxiety Inventory

Association of rs894280 with GDS in PPMI dataset longitudinally; Wald chi-square test=0.82, (df = 2) significance = 0.66
Association of rs894280 with QUIP in PPMI dataset longitudinally; Wald chi-square test = 0.22 (df = 2) significance = 0.89
Association of rs894280 with STAI-trait in PPMI dataset longitudinally; Wald chi-square test = 0.79 (df = 2) significance = 0.67
a = binary logistic model was used for GEE analysis

b = linear regression model was used for GEE analysis

* significance level was set to 0.02, Bonferroni correction

No association was observed for rs894280 and any of the neuropsychiatric measures at baseline or

Ts likewise. These results are listed in Table S7-1.

This variant had no association with depression measured by GDS (Wald chi-square test = 0.17
(df = 2), significance = 0.98) or the impulsive/compulsive impairments using QUIP at the baseline
(Wald chi-square test (df = 2) = 0.70, significance = 0.70). No association was observed for anxiety

using STAI-trait score at the baseline (F (8, 284) = 0.13, significance = 0.88).
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No relationship was observed between rs894280 and any of the neuropsychiatric measures after
five years, including depression using GDS (Wald chi-square test= 0.85, (df = 2) significance =
0.65), the impulsive/compulsive impairments using QUIP at Ts (Wald chi-square test = 0.27, (df

= 2) significance = 0.86), or anxiety using STAI-trait at T5 (F (8, 284) = 1,03, significance = 0.36).

6.4.4 Discussion

In this study, we hypothesized that rs894280 in SNCA was associated with cognition of iPD
patients cross-sectionally and longitudinally, using PPMI data. Based on the association analysis,
rs894280 was found to be associated with the rate of MCI conversion in iPD patients who were
followed up for 5 years. The cross-sectional analysis demonstrated an association between the
rs894280 and MCI status of iPD patients at the baseline but not at the Ts. The observed effect size
for this variant was (¢=0.4), which indicates a medium effect size. We hypothesized that rs894280
should be associated with NPS in iPD patients of PPMI study. However, no association was found
for depression, anxiety, or impulsive/compulsive disorders in these iPD patients cross-sectionally
or over the five-year follow-up. These results indicate a potential role for this SNCA SNP in the
pathogenesis of cognitive impairment in iPD patients and possibly dementia. Based on the current

results there is no evidence for the involvement of this variant with neuropsychiatric changes.

The role of SNCA in familial cases of PD is well-established [29, 86] and in recent years several
variants in SNCA have been reported in association with cognitive impairment in iPD patients [88,
94, 174, 236]. The extensive LB pathology in PD patients and recent findings on the relationship
of SNCA variants with cognitive impairments in iPD signify the importance of this locus to
cognitive changes in iPD patients. This SNP is located on the 5” untranslated region (UTR) of the

SNCA and was first reported in association with dementia with LB (DLB) [235].
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DLB is very similar in both symptoms and pathology to PD with dementia (PDD), and they are
both synucleinopathies [93]. The shared LB pathology between these two disorders, together with
other similar symptoms indicate a potential role for SNCA in a common pathologic process. A
large-scale study including 1,492 PD patients and 922 DLB patients discovered a SNP in 5> UTR
of SNCA in nearly full Linkage Disequilibrium (LD) with rs894280, which was linked to PDD.

Based on their findings, the 5’ region of the SNCA contains a risk haplotype for DLB [88].

In our analysis, rs894280 demonstrated an association with the rate of conversion to MCI status in
iPD patients over a five-year follow-up. This finding suggests a role for this SNP in shaping the
cognitive profile of iPD patients, but pair-wise comparisons of genetic groups did not yield any
robust relationship between the rs894280 and cognitive status (table 5). Based on the current
results PD patients with heterozygous genotype might have a higher likelihood of developing MCI
compared to the homozygous groups. Interestingly, both homozygous groups displayed very
similar odds for MCI conversion over five-year span (2.04 vs 1.94). This result can seem to
contradict the results of the cross-sectional analysis at the baseline, which demonstrated that PD
patients with the CT genotype were less likely to be MCI. Also, PD patients with the CT genotype
showed a lower likelihood of being MCI than the CC group at the baseline. Also, the CT group
had a trend for a lower likelihood to be MCI when they were compared to the TT group at the

baseline.

According to the baseline results, the PD patients carrying the CC genotype demonstrated
considerably higher likelihood of being MCI at baseline but the rate of conversion reverses at the
Ts. On the contrary, both the CT and TT groups showed relatively lower numbers of MCI patients

compared to the CC group at the baseline (table 4).
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However, both of the CT and TT groups had positive MCI conversion rate in the five-year span.
While preliminary, these results suggest that the CC group might have a lower likelihood of

cognitive decline over time.

There are a number of possible reasons for the above-mentioned results. The reduced number of
PD-MCI cases in the CC group might be attributed to dopaminergic medications. The effect of the
dopaminergic medications on cognitive abilities in PD patients is still not clear [249, 250]. These
medications might reverse some mild cognitive impairments derived from low dopamine
availability in PD patients [251]. It has been proposed that low dopamine availability in the
frontostriatal circuits can contribute to impairment of the cognitive abilities which are linked to
this region such as executive-function [251]. In addition, longitudinal studies demonstrated that
cognitive impairments derived from insufficiency of the dopamine in frontostriatal regions are

reported to be not linked to the development of dementia in PD patients [35].

The results mentioned above support our speculation that the CC group might be more susceptible
to the cognitive impairments which are attributed to the low dopamine availability. These
impairments might not exacerbate into more severe impairments and more importantly dementia
[35]. It can be speculated that the CT and TT groups might be more susceptible to cognitive
impairments in temporal-parietal regions which are linked to more severe irreversible cognitive

decline and even dementia [16].

These findings were similar to the well-known Catechol O-methyltransferase (COMT)
p.Val158Met SNP (rs4680), which is proposed to have a dual effect on the cognitive profile of PD
patients [34]. This SNP has a prominent effect in the degradation of the dopamine in frontal regions

of the brain.
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The PD patients with the Val allele display better working memory than the Met carriers at early
stages of PD. But as PD progresses and the dopamine becomes scarcer, the Met carriers benefit

from the lower activity of COMT enzyme [34].

No association was found between rs894280 and NPS in PD patients from the PPMI cohort at a
given time point or longitudinally. These results were in contrast with our hypothesis that rs894280
should be linked to NPS in iPD patients. Familial PD caused by SNCA mutations or an increased
SNCA gene copy number was reported to be associated with a range of NPS e.g., depression,
hallucination etc. [30, 194, 252]. Also, studies suggest a link between NPS in PD and a higher
likelihood of cognitive impairments [110, 111, 120]. However, no association was found between

this variant and depression, anxiety or impulsive/compulsive disorders in this cohort.

In this study, the PPMI data was used to investigate the association of rs894280 with cognition in
iPD participants. The PPMI study aimed to recruit drug-naive PD patients in order to explore and
discover early and novel biomarkers of PD [102, 245]. Although cognitive impairments can
precede the PD diagnosis, the severity of cognitive impairments usually increases with time. The
disease duration of the PPMI participants included in the current study was about 6.6 years at
baseline compared to 5.7 years in our previous cross-sectional study of this SNP [244]. The prior
study included 101 iPD patients of PD-MCI cohort at University of Calgary, in which rs894280
demonstrated an association with the overall cognitive performance of the patients [244]. It was
also observed that rs894280 was related to attention, and visuo-spatial abilities in iPD patients
[244]. This association demonstrated an advantage for CC carriers while in the current study CC

carriers have higher likelihood of MCI at baseline compared to non-carriers [244].
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The discrepancies between these two studies can be explained considering that in the previous
analysis, PD patients already received dopaminergic medications before enrolling in the study and
they were responsive to it. The SNCA gene was reported in connection with levodopa response in
PD patients and the alpha-synuclein protein can interact with dopamine transporter [253, 254].
Another important difference between the two studies is the distribution male and female
participants. The percentage of females in the previous study was about 30% while in the PPMI
cohort 70% of the participants were female. This can introduce large differences in the average
cognitive performance of the patients. Recent evidence suggests a difference between male and
female patients regarding the susceptibility to cognitive impairment [7, 255, 256]. It has been
reported that the male PD patients have higher likelihood of executive-function and processing
speed impairments compared to the female PD patients [210]. Considering the substantial sex
difference between the two cohorts, the average cognitive performance can be considerably

different.

The last difference to be mentioned is the average age of the participants between the two studies.
In the previous study, participants had an average age of ~ 70 years old with disease duration of
6.6 years. In the current cohort the average age is about 9 years less than PD-MCI cohort while the
disease duration is still comparable to the PD-MCI cohort (6.6 versus 5.7). This difference in
demographics might be due to recruitment of PD patients below the age of 50 years old unlike the

PD-MCI cohort [244].

Several limitations need to be mentioned. PD patients in PPMI are drug-naive at baseline
(recruitment time) and their disease duration are relatively short at the time of recruitment. Severe
cognitive impairments are infrequent in early PD but as the disease progresses the likelihood of

more severe and irreversible cognitive impairments escalate.
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The findings of the current study require follow-up investigations in later time points to reproduce,
validate, and further study the longitudinal association of this variant with cognition. Another
limitation was the lack of availability of standardized scores for cognitive and neuropsychiatric
measures. A common scale for all the administered tests/ measures can assist direct comparison,
and a more thorough analysis of cognitive domains and it can improve statistical power of the

analysis.

In conclusion, we used publicly available data from the PPMI study to investigate whether
rs894280 in SNCA was associated with cognitive and neuropsychiatric changes in PD patients at
a given time point and over time. We found this variant was linked to the cognitive impairments
of iPD patients over time. The cognitive status of iPD patients was associated with this SNP at
baseline but not after the five year follow-up. PD patients with the CT genotype had a higher
likelihood to become MCI after five years compared to the non-carriers. No association was found
between this variant and any NPS longitudinally or cross-sectionally. These findings suggest the
involvement of rs894280 or other variants in the close proximity of it with cognitive impairments

in iPD patients.
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6.5 Data Availability

All the data is used in this study belong to third party. Interested researchers can apply to PPMI

database to access the data at the following link: https://www.ppmi-info.org/access-data-

specimens/download-data/
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Table S7-1. Association analysis of neuropsychiatric measures with rs894280 genotype at baseline and T5.

Time Test Group Beta  Wald chi-square sig.” Exp(B) Exp (B)-95% CI
point
intercept | 0.03 0 1.00 | - -
GDs®? CC>TT ]0.08 |0.02 0.88 | 1.08 0.38 —3.06
CT>CC 0.0 |0.05 0.83 | 1.10 0.45-2.70
CT>TT 0.18 0.16 0.69 | 1.19 0.51-2.79
2 intercept | -0.43 | 0.10 0.76 | - -
s QuIpa CC>TT [0.35 |0.69 041 |1.41 0.62 -3.24
3 CT>CC | -0.20 0.31 0.58 | 0.71 0.31-1.61
CT>TT |0.15 ]0.18 0.67 |1.17 0.57-2.38
CC>TT |-0.11 |0.13 0.90 | NA NA
STAl-trait® CT>CC |0.31 |0.24 0.81 | NA NA
CT>TT 0.75 0.57 0.57 | NA NA
intercept | -2.93 | 3.43 0.06 | - -
GDS? CC>TT 035 |0.59 0.44 | 1.42 0.58 — 3.49
CT>CC |-0.02 |0.003 0.96 | 0.98 0.46 — 2.09
CT>TT 033 074 0.39 | 1.39 0.66 —2.95
intercept | 1.40 1.00 0.32 |- -
- QUIP? CC>TT | -0.08 | 0.04 0.85 | 0.93 0.42—2.07
CT>CC |0.18 |0.24 0.62 |1.19 0.59-2.42
CT>TT |0.10 | 0.09 0.76 | 1.11 0.57-2.15
CC>TT |-1.38 |1.50 0.14 | NA NA
STAl-trait® | CT>CC | 1.75 1.21 0.23 | NA NA
CT>TT |-0.72 |0.49 0.63 | NA NA

Abbreviations: sig = significance, Exp (B) = Exponential Beta, Cl = confidence interval, GDS = Geriatric Depression Scale, QUIP = Questionnaire for
Impulsive-Compulsive disorders, STAI = State-Trait Anxiety Inventory, NA = Not Applicable

Association of rs894280 with GDS in PPMI dataset at baseline; Wald chi-square test (df = 2) = 0.17, significance = 0.98, Nagelkerke R? = 0.08, Hosmer
and Lemeshow test goodness of fit-test p = 1.00 (df=8), correct cases overall percentage = 86.3 %

Association of rs894280 with QUIP in PPMI dataset at baseline; Wald chi-square test (df = 2) = 0.70, significance = 0.70, Nagelkerke R? = 0.01, Hosmer

and Lemeshow test goodness of fit-test p = 0.54 (df = 8), correct cases overall percentage = 78.2%
Association of rs894280 with STAI-trait in PPMI dataset at baseline; F (8, 284) = 0.13, significance = 0.88

Association of rs894280 with GDS in PPMI dataset at T5; Wald chi-square test (df = 2) = 0.85, significance = 0.65, Nagelkerke R? = 0.12, Hosmer and

Lemeshow test goodness of fit-test p = 0.61 (df = 8), correct cases overall percentage = 81.1%

Association of rs894280 with QUIP in PPMI dataset at Ts; Wald chi-square test (df = 2) =0.27, significance = 0.86, Nagelkerke R? = 0.06, Hosmer and

Lemeshow test goodness of fit-test p = 0.24 (df = 8), correct cases overall percentage = 73.9 %
Association of rs894280 with STAI-trait in PPMI dataset at T5; F (8,284) = 1,03, significance = 0.36
a = binary logistic model

b = linear regression model

* significance level was set to 0.02, Bonferroni correction
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7 Chapter Seven: Discussion

In this chapter, the main findings of this thesis are summarized and discussed, followed by
limitations and possible future directions. The main findings are discussed in the order of the

chapters that they were first presented in.

In the first part of the thesis, the association of several common variants with NPS was
investigated. In chapter three, it was reported that a common variant in BDNF p.Val66Met (rs6265)
was linked to NPS in PD patients using MBI-C as the screening tool. It was shown that a positive
correlation between MBI-C and UPDRS-I111 scores was observed. Also, a negative correlation was
observed between the MBI-C total and MoCA scores for PD patients in that study. Considering
these two factors in the analysis, it was shown that p.Val66Met could be linked to a higher
likelihood of adverse changes in the emotional regulation domain which includes depressive and
anxious symptoms. Moreover, this variant demonstrated an association with abnormal
thoughts/perception domain which includes psychotic symptoms in PD patients. These results
were in line with the previous findings in a meta-analysis on the association of Met allele of this

variant with worse cognition in PD [56].

Moreover, a relationship between the severity of motor symptoms evaluated by UPDRS-I111 scores
and the likelihood of NPS was observed. Some studies suggested an association between the motor
severity and NPS in PD patients [176, 257, 258]. A recent study reported an association between
the severity of NPS in PD patients and the alteration of corticostriatal network connectivity. Also,
a negative relationship between NPS and severity of motor symptoms was reported in that study

[176].
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Additionally, the correlation between MoCA score and MBI-C suggests a relationship between
NPS and the cognitive deficits. This relationship between NPS and cognition in PD was reported

by several studies [6, 120, 259].

The possibility of a link between cognitive decline and NPS in PD patients were suggested in
different studies [6, 120, 131, 259]. The current results from chapter three, indicate the same
relationship between NPS and a variant in PD patients which has been previously reported in a
meta-analysis in an association with cognitive decline [56]. One of the advantages of using MBI-
C in this study was that MBI-C includes the most common geriatric NPS in one questionnaire.
This provided us with the opportunity to investigate most of the common NPS in PD patients in a
unified manner. Additionally, the length of NPS to be included as positive in MBI-C is six months

which can eliminate inclusion of those NPS which are transient in nature.

In chapter four, the relationship between two common variants in the genes which are involved in
the dopamine modulation and NPS was investigated in 170 iPD patients using MBI-C as the
ascertainment tool. rs4680 in the COMT gene was found to be not associated with either the risk
of NPS or the emotional dysregulation domain of MBI-C. Several factors were controlled for in
the analysis including age, years of education, LEDD, MoCA score, and the MAOB inhibitor.
Similar to the project presented in chapter three, a negative correlation was observed between the
MoCA and the MBI-C total scores. Moreover, the use of MAOB inhibitors in patients was checked
and it was observed that there was an association between the use of MAOB inhibitors and higher
MBI-C scores. This association might be because of the common practice of prescribing the

MAOB inhibitors in order to address NPS in PD [260].
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The other studied variant was rs28363170 in SLC6A3, the gene encoding the dopamine transporter
protein. The 10-R allele for this variant was reported in connection with higher abundance of
dopamine transporter protein in vivo [169]. The enhanced expression of SLC6A3 leads to a higher
rate of dopamine reuptake from the synaptic cleft space. We showed that there was no association
between this variant and the likelihood of NPS in iPD patients in our study. Similar to the COMT
analysis several factors were controlled for including age, MAOB inhibitor use and MoCA score.
Also, we did not find any associations between this variant and the emotional dysregulation
domain score in iPD patients. These results might indicate a lack of involvement for these variants

in the general pathology of non-motor symptoms in PD patients.

Previous findings demonstrated a robust association between severity of NPS with cognitive
impairments in PD patients [120, 259]. Both rs4680 and rs28363170, were reported in connection
with cognitive impairments in PD patients [73, 172]. However, it was suggested that those genes,
which are directly involved in the regulation of the dopamine level in the brain might not be
involved in the pathological process of dementia in PD patients [35]. The impairments in
frontostriatal regions can be derived from a diminished level of dopamine and affect cognitive
abilities which are strongly correlated to it. The frontostriatal region has a substantial role in
executive-function and attention abilities. It was proposed that PD patients with cognitive
impairments linked to frontostriatal activity are at lower risk of dementia compared to patients
with impairments linked to more posterior regions [35]. However, a recent study reported that an
altered corticostriatal connectivity was linked to the severity of NPS in PD patients [176]. This
apparent discrepancy might be due to damage of none-dopaminergic circuits in this network which

do not depend on the function of the abovementioned variants [261].
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The overall results of the first part of this thesis indicate a possible link between the likelihood of
cognitive decline and the risk of NPS in PD. rs6265 in BDNF was reported in association with
cognitive impairment [59, 174]. The Val allele for this variant was linked to better cognition in the
meta-analysis nonetheless, this relationship might be more pronounced in patients of European
descent [56] like the majority of our study participants. On the other hand, investigation of the
relationship of two common variants, rs4680 and rs28363170 with risk of NPS in PD patients did
not yield any significant associations for either of the variants. Both of these variants are linked to
frontostriatal dopamine availability. There were reports of their association with cognitive
impairment in PD as mentioned above. Nevertheless, these variants did not demonstrate any

relationships with cognitive changes longitudinally in the CamPalGN study [35, 262].

The lack of studies investigating the relationship of rs6265 in BDNF, and cognition of PD patients
longitudinally complicates drawing any conclusions of the potential lasting relationship between
this variant and cognitive decline. Considering the evidence for a protective role of BDNF in the
brain and in particular dopaminergic neurons, this variant might play a role as a precursor for
neuronal damage, and even their loss [133]. This might generate a hotspot for further destruction
of neurons by unknown factors e.g., biological or environmental. Furthermore, there has been
evidence of involvement of this variant and LTD induction which can be a potential issue in PD
patients [54, 55]. Taken all these findings together, this variant might be involved in creating a

condition which can facilitate non-motor symptoms in PD patients.

Chapter five presented the results of a ML analysis in a sample of 101 PD patients for prediction
of Z-score of overall cognitive abilities using RRELIEF feature selection and SVR. The ML
analysis yielded 11 features including rs894280, with overall correlation coefficient of 0.54 and

mean absolute error of 0.39 for the predictive model.
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It was found that rs894280 in SNCA was linked to cognition in PD patients when controlling for
UPDRS-I1II scores, years of education, R rostral-anterior cingulate thickness, and L middle
temporal thickness. The post-hoc analysis revealed that this variant was linked to better abilities
in attention, and visuo-spatial domains. Also, a trend was observed for this variant and the memory
domain. In recent years several studies reported discovery of variants in SNCA which are linked
to differences in neuronal activity and cognition of iPD patients [94, 95]. The rs894280 SNP was
previously reported in connection with DLB and PDD [88, 235]. DLB and PDD share a substantial
similarity in symptoms and PD-MCI can be considered as part of the continuum to PDD. These
similarities together with the present results could indicate a possible role for this SNP in the
underlying shared pathology of these two disorders. The possible link between the severity of
motor symptoms which is often evaluated by the UPDRS-III score and cognitive impairment in
PD was reported by previous studies [221, 222]. This association might indicate the extent of the
neuronal damage in PD patients. Previous studies reported a negative correlation between the
density of neurons in substantia nigra and UPDRS-I1I score [263, 264]. According to the study by
Greffard et al. each point in UPDRS-I11 score can be equivalent to loss of 25 neurons/mm? [263].
The years of education was reported as a potential protective factor against cognitive impairment
in PD [21, 22]. The anterior cingulate cortex and middle temporal regions are both reported in
association with cognitive impairment and the middle temporal regions are suggested to be
specifically linked to dementia in PD [35, 165, 225, 230, 231]. The more posterior-temporal
regions are part of a model proposed by Williams-Gray et al. of the dementing process. According
to this model the impairments in these regions are associated with severe cognitive impairments

and dementia in PD patients [35].

153



Based on the current analysis, rs894280 had an association of medium effect size with cognition
of PD patients. In particular, PD patients with the CC genotype demonstrated healthier cognitive
abilities generally, and better performance in attention, visuo-spatial function and memory. On the
other hand, PD patients with at least one T allele were at greater loss for the above-mentioned

cognitive abilities.

In chapter six, an analysis was performed in PD patients using the data from the PPMI study to
replicate and validate the connection of rs894280 with cognition of PD patients as presented in
chapter five. Also, we investigated whether the association between this variant and cognition
could be detected over time. The second aim was to explore the potential relationship between this

variant and NPS.

It was found that rs894280 was linked to the cognitive status (MCI versus non-MCI) of PD patients
at baseline. Moreover, it was observed that this polymorphism was associated with the cognitive
status change in iPD patients longitudinally. No association was found for this polymorphism with

available neuropsychiatric data on depression, anxiety and or impulsive/compulsive impairments.

These findings were in agreement with previous results presented in chapter five. We have reported
an association between the CC genotype of this polymorphism with the general cognitive
performance, attention, and visuo-spatial function. A trend was also found in favor of PD patients
with CC genotype and memory abilities. Nevertheless, the replication of the precise association
results on this polymorphism with attention and visuo-spatial function abilities similar to the
findings of chapter five was not possible due to unavailability of the domain scores. However, the
analysis detected a higher rate of MCI likelihood in PD patients with the CC genotype compared
to patients with other genotypes at baseline. This result might seem contrary to the greater

performance of CC carriers reported in chapter five.
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This disparity might be due to several fundamental differences between the PPMI study cohort
and the PD-MCI study cohort at the University of Calgary. The first difference could be due to the
small size of the PD-MCI cohort compared to the PPMI Cohort. Nevertheless, the vigorous
phenotyping in the PD-MCI cohort, the consistency of methods throughout the study, and the
application of a strict method of correction for multiple comparisons seem to reduce the risk of
this issue. The second difference might be the state of PD patients in the PPMI study. PD patients
in the PPMI study were recruited at the initial diagnosis state while still being drug-naive (before
the start of dopaminergic therapy). The difference between PPMI and PD-MCI results might be
explained as an effect of the dopaminergic medications on PD patients. Specifically, there has been

evidence of interaction between SNCA, and Levodopa medication based on ML analysis [253].

Another possible explanation for the different results between the two cohorts could be that the
CC genotype might be associated with more reversible cognitive impairments. There have been
reports of restoration and improvement of cognitive functions in PD patients after dopaminergic
therapy [265-267]. However, the later topic of efficacy of dopaminergic therapy in restoration of
cognitive function is still a matter of debate [268-270]. Last but not least is the substantial
difference between the percentage of male and female participants between the PPMI and PD-MCI
study. The percentage of female and male participants is exactly reversed between the two studies.
This can induce substantial differences between the two studies. Based on a recent study, male PD
patients are at higher risk of cognitive impairments in the executive-function and in processing
speed abilities compared to female PD patients with similar demographics [210]. Furthermore,
female PD patients have lower risk of cognitive impairment compared to male patients over time

(hazard ratio 0.59 [0.48, 0.73], P = 4.6E-7, adjusted for the years of education) [255].
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Other factors that might contribute to the higher reversion rate in CC carriers might be the quality

of care, socio-economic status, and other factors [271].

Overall, rs894280 seems to be a promising variant in the identification of PD patients with an
elevated risk of cognitive decline. Although we found promising evidence on the association of
this variant with cognitive changes in PD patients, further investigations are required to elucidate

this relationship in more detail.

7.1 Limitations

There are several limitations that should be considered for the first part of this thesis. One of the
limitations of chapter three and four studies, was the lack of a control group. BDNF was reported
in several studies in association with depression and specifically geriatric depression, as well as in
the general population [60]. The investigation of rs6265 association with NPS in PD patients will

be more thorough if NPS can be studied in an age-sex matched control group.

The application of MBI-C might have some drawback. The MBI-C questionnaire was designed
for the general senior population [107]. Although there is a substantial overlap between PD patients
and the general senior population regarding NPS, there are some considerable differences between
the two groups. One example could be the prevalence of impulsive/compulsive disorders in PD
patients which can emerge after taking dopaminergic medication. Although the abnormal
thoughts/perception domain of MBI-C includes several important symptoms, the presence of
visual hallucinations which is a serious issue in PD patients is not addressed. Moreover, there are
no results from a large-scale study to validate the use of MBI-C in PD populations and to validate

the cutoff scores used for MBI positive identification.
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A comprehensive cognitive assessment for each of the chapters’ results alongside with the MBI
assessment would be beneficial. It has been demonstrated that a relationship exists between
cognitive impairment and NPS in PD patients. Including a comprehensive cognitive assessment

can improve the generalizability of the findings to PD patients outside these studies as well. g

The most important limitation for the second part of this thesis is the novelty of the results for
rs894280 in the SNCA gene. The lack of previous data on the exact relationship between this
variant and cognition of PD patients restricts any comprehensive conclusions. Further
investigations in independent cohorts and population of PD patients could be helpful in explaining
the true nature of the association between this variant and the cognitive changes in PD.
Furthermore, a thorough exploration of the 5’ region of the SNCA along with a complete cognitive
and neuropsychiatric assessment are required. Such investigations could validate the reported
association for this variant. Also, they could potentially identify other closely related variants

which actually modulate the relationship with cognition in 5> UTR region of SNCA.

Similar to the limitations of part one, the lack of an age-sex matched control group complicates
drawing conclusions for this variant. Therefore, future studies might consider including a control
group to explore the relationship of rs894280 with cognition in the general aging population. Lack
of longitudinal data for more than five years, was another limitation for part two. It would be
considerably helpful to study the relationship of rs894280 with cognition and behavior in PD
patients over a longer period of time. It has been argued that PD patients have a higher likelihood

of dementia as the disease progresses [272].

Last but not least, is the potential issues of the candidate genes approach (CGA) in this thesis. PD
is a very complex and heterogenous disease and using CGA helped with statistical power of the

presented projects. Focusing on a candidate gene can introduce problems in studying the actual
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relationship between the symptom in question and the candidate gene [273]. Also using CGA can
readily ignore the population stratification. Nevertheless, this was partially addressed by

controlling for ethnicity of the study participants.

7.2 Future Directions

The importance of early detection and treatment of cognitive impairments in PD has been the focus
of many research groups. NPS and their relationship with cognitive impairment in iPD patients
have gained more importance in recent years. My colleagues and | explored several variants in
association with NPS and cognitive impairments. Given the nature of the genetic studies and how
various populations might display very different results regarding associative analysis, the current
findings should be considered with caution. However, these findings, if replicated in other PD
cohorts, can be applied in the clinics for a straightforward and prompt identification of PD patients

at risk of cognitive impairment or NPS.

The ideal study design for investigation of the above-mentioned variants would be a longitudinal
study of more than 10 years follow-up and multi-centric using the exome sequencing technique
which covers coding regions, of most of the known and regulatory non-coding regions proximate
to the genes. The suggested 10-year of follow-up is because of the evidence that the likelihood of
PDD increases and can be observed in up to 80% of PD patients after 20 years of disease diagnosis
[272]. The 10-year follow-up might provide ample chance of studying and identifying PD patients
who would develop PDD. The use of multiple recruitment centers across the country, the continent
or globally could incorporate the potential genetic stratifications [56]. The use of genetic

techniques focusing on variant genotyping could provide high accuracy but the complicated
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structure of the SNCA gene makes the exome sequencing a more appropriate option for this gene.
The non-coding regions of SNCA might have a substantial role for this gene in iPD patients [88].
Ideally this technique could be applied to study other genes mentioned in this thesis (BDNF, COMT
and SLC6A3). However, for the purpose of this thesis the TagMan genotyping and VNTR
techniques could readily provide the data needed for this purpose at a much lower cost. To increase

the power of analysis including a control group can be useful [274].

Several steps can be taken to shed more light on the findings presented in this thesis. The BDNF
protein was reported as a potential protective factor for dopaminergic neurons in the substantia
nigra [275]. The association of BDNF protein and dopaminergic neuron density can be explored
using neuromelanin-sensitive MRI technique [276, 277]. Using neuromelanin-sensitive MRI, we
hypothesize that iPD patients with the Val allele would have greater melanin density in their
substantia nigra and possibly higher density of the dopaminergic neurons [264, 275]. This could

be attributed to the higher level of functional BDNF in the Val carriers.

To study the possible link between BDNF and dopaminergic neurons, and given the dominant
model for BDNF, OR = 2.0, a= 5%, MAF = 0.1, 264 participants (case-control ratio of 1:1) are
required to achieve statistical power of 80% [274]. However, the detected OR for rs6265 and MBI

likelihood was 2.8 which lowers the required sample size to achieve the sufficient statistical power.

The other future plan to follow is to investigate whether rs894280 in SNCA has any association
with NPS in iPD patients. To explore such association, assuming a dominant model for this variant
similar to rs6265, OR=2.3, a= 5%, MAF = 0.5, less than 160 participants are required to achieve

80% power [274].
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The interaction of rs6265 and rs894280 might facilitate the calculation of a risk score for these two
variants combined [278]. However, to be able to compute the potential interaction between these
two variants an at least four-fold larger sample size is required [278]. Considering that the
dominant model of rs6265 might require a sample size of 264 participants, a four-fold larger
sample size yields to 1,056. The four-fold increase in sample size is the result of 2x2 interaction
model. If rs894280 interaction with rs6265 is explored, a 3x2 or even 3x3 larger sample size will

be required, six-fold and nine-fold, respectively [274, 278].

It needs to be noted that recent studies demonstrated an association between NPS and cognitive
impairments in AD and PD patients [120, 154]. Considering these findings, the possibility of
identification of PD patients at risk of NPS might facilitate early intervention to prevent or slow
down the evolution of these symptoms. These interventions might be change of lifestyle, receiving
appropriate medical treatments (such as prescribing drugs improving mood or even cognition), or

cognitive training [271, 279].

In conclusion, my colleagues and | have found a common polymorphism p.Val66Met in BDNF
gene associated with NPS. We reported lack of association for two common variants in genes
modulating dopamine availability, rs4680 in COMT, and rs28363170 in SLCG6A3 gene,
respectively. On the other hand, the lack of association for rs4680 or rs28363170 variants in our
cohort can suggest that these variants are not involved in the pathology of NPS in iPD patients.
These findings indicate a potential role for the BDNF gene in the pathology of NPS in iPD patients

while rs4680 and rs28363170 did not display such a relationship.

A machine learning analysis revealed a substantial contribution of rs894280, a variant in SNCA,
to cognitive deficits of iPD patients. My colleagues and | observed that rs894280 was associated

with overall cognition, attention and visuospatial abilities in iPD patients. We later demonstrated
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that this association could be replicated for cognitive status of iPD patients at baseline. We
additionally discovered an association between this variant and the evolution of cognitive status in
iPD patients. These findings indicate a potential role for rs894280 in cognition of PD patients. This
variant might serve as a proxy for identification of PD patients at risk of cognitive impairments in

the early stages of PD.
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